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In nearly every production environment, there are opportunities to capture profits 
if waste streams can be further processed or enhanced to create “value added” products. 
On-farm research studies were initiated in 2019 at four locations across Nebraska to 
assess the impacts of livestock manure, cedar mulch from forestry management and coal 
char from sugar beet processing, on agricultural cropland. Study treatments included beef 
cattle manure (CM), beef cattle slurry (CS), coal char (CC), woody biomass (WB) 
CM+WB, CS+WB, CM+CC and control (CON; no organic amendment). Soil properties 
and corn yield were evaluated after a single growing season. Results indicate that single 
pre-plant manure applications can make significant contributions of nitrogen (N), 
phosphorous (P), and potassium (K), constituting a reliable resource to replace inorganic 
fertilizers. Depending on initial soil quality, manure also increased soil organic matter 
(SOM) concentration, pH, and electrical conductivity (EC). Surface applications of 
woody biomass did not show evidence of soil acidification or N immobilization, although 
it induced soil nitrate reduction in top soil layers when incorporated after crop harvest. 
Soil physical properties were mostly unchanged under all treatments except coal char. 
This treatment significantly increased SOM concentration and pH, and decreased bulk 
    
density. However, it also decreased crop yield. In parallel, a program including a 
combination of classrooms lectures, visual demonstrations and field hands-on activities 
about soil health, agricultural research and science literacy was created and delivered to 
students at three Nebraska high schools. Each school was paired with one on-farm 
research study site. Results of surveys delivered to teachers and students at the end of the 
program showed that visual demonstrations and field assessments of soil health 
parameters successfully increased students’ scientific understanding and awareness about 
the importance of soil health. Notwithstanding, a more detailed program, based on the 
classes’ plans and specific FFA initiatives may be needed in order to increase the 
engagement of all actors and take better advantage of students and teachers’ high interest 
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 CHAPTER 1: REVIEW OF THE LITERATURE 
Agustin J. Olivo. 
1.1. Circular economy in agriculture 
The circular economy (CE) model is a growing concept throughout multiple 
industries and businesses that refers to a combination of “reduce”, “reuse” and “recycle” 
activities. In short, this system is aimed at minimizing waste and pollution by extending 
the useful life of products and resources so that natural systems are regenerated instead of 
being depleted. A recent review of 114 definitions by Kirchherr et al. (2017) resulted in 
its description as “an economic system that is based on business models which replace 
the ‘end of life’ concept with reducing, alternatively reusing, recycling and recovering 
material in production/distribution and consumption processes, thus operating at the 
micro level (products, companies, consumers), meso level (eco-industrial parks) and 
macro level (city, region, nation and beyond), with the aim to accomplish sustainable 
development, which implies creating environmental quality, economic prosperity and 
social equity, to the benefit of current and future generations”. The CE model is opposed 
to the traditional linear pattern of many economies, where natural resources flow from 
their source, to a product, and to waste, which is then discarded in some way. In general, 
linear patterns tend to rely on high-intensity resource consumption and more damage to 
the environment. Conversely, the CE model is characterized by lower utilization of raw 
materials, higher levels of use efficiency, and less generation of pollution (Jun and Xiang, 
2011). In a world with a high population, scarce resources and growing environmental 
concerns, embracing the CE model may be a strong alternative to achieve sustainable 
development.  
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Multiple features of agricultural activities, like its close connection with natural 
resources and the economic and social importance of the food production chain, make 
agribusinesses a great opportunity to lead and foster the circular economy model, 
applying, for example, the “3R’s” principle (reduce, reuse and recycle) (Jun and Xiang, 
2011). “Reducing” is connected to decreasing the use of non-renewable materials or 
production of waste products as goods – in this case, agricultural goods – are generated. 
“Reuse” refers to achieving multiple utilizations of a product, while “recycling” indicates 
the opportunity to utilize some products in different ways after using them for their 
primary intended purpose rather than simply treating them as a “waste” product after a 
single use. In agricultural production systems, sustainable management of resources is 
not a new concept, but opportunities may exist for new actions to be implemented in 
support of the “3 R’s” principle, allowing the application of the CE model to an even 
greater degree. 
1.2. Soil health in agricultural systems 
Soil health is a key feature of ecosystems defined as the “continued capacity of 
soil to function as a vital living system, within ecosystem and land-use boundaries, to 
sustain biological productivity, maintain the quality of air and water environments, and 
promote plant, animal, and human health” (Doran et al., 1996; Doran and Zeiss, 2000). In 
the context of agricultural systems, a healthy soil is one that is “capable of supporting the 
production of food and fiber, to a level and with a quality sufficient to meet human 
requirements, together with continued delivery of other ecosystem services that are 
essential for maintenance of the quality of life for humans and the conservation of 
biodiversity” (Kibblewhite et al., 2008). The term “soil quality” is commonly used as a 
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synonym to “soil health,” although they do not carry the same meaning. “Soil quality” is 
generally associated with a soil’s fitness for a specific use, while “soil health” is used in a 
broader sense to indicate the capacity of the soil to support biological function and 
productivity. In this way, soil health is more related to the concept of sustainability and it 
requires several parameters interacting to create and sustain its health. The quality of soil 
includes an inherent component, determined by the soil’s physical and chemical 
properties, within the limitations set by climate and the ecosystem. Additionally, soil 
quality includes a component affected by land use decisions and management (Doran and 
Zeiss, 2000). In all cases, an integrative approach is essential for the assessment of soil 
health (Kibblewhite et al., 2008).  
Because of the complexity of this concept, an integral research analysis including 
variables that evaluate the multiple aspects related to soil health can provide a fair 
characterization of this feature. By using relevant information about the biological, 
chemical and physical properties from the field, an improved understanding of soil health 
can be achieved (Schuster, 2015). Although it is clear to most researchers that they need 
to evaluate several components to assess soils’ health, few studies have conducted a 
multi-faceted evaluation by considering the soil physical, biological and chemical 
properties (Schott and Schmidt, 2017). Furthermore, along with promoting a permanent 
and precise assessment of soil health variables in agricultural systems, there is a growing 
interest in the implementation of best management practices at the farm level to improve 
soil health due to its vital impact on crop production. In those terms, reducing soil loss 
and degradation has become one of the key current research challenges to achieve 
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sustainable agricultural systems around the globe (National Academies of Sciences, 
2019). 
1.3. Manure, soil health and crop productivity  
1.3.1. Livestock industry and manure production in Nebraska 
Historically, Agriculture is the leading industry in Nebraska with livestock 
numbers that rank the state 1st in red meat production and 6th in swine production 
nationally (Nebraska Department of Agriculture, 2020), with growing shares of 
Midwestern dairy and poultry production. The 2017 census of the United States 
Department of Agriculture (USDA, 2017) reported livestock inventory for the state of 
Nebraska as 7.35 million layers, 6.76 million cattle and calves, 3.58 million hogs and 
pigs, and 1.22 million broilers and other meat-type chickens (USDA, 2017). According to 
an annual report from the Nebraska Department of Environment and Energy, in 2019, the 
Livestock Waste Control Program registered 1,230 active large concentrated animal 
feeding operations (CAFOs) and 2,183 medium AFOs (NDEE, 2019). Large CAFOs 
have at least 1,000 head of beef cattle, 700 dairy cows, 2,500 swine or 30,000 chickens 
(NDEQ, 2011). These concentrations of animals generate significant volumes of manure 
that must be managed to protect water quality. For example, the United States 
Department of Agriculture Natural Resource Conservation Service (USDA-NRCS) 
estimates that an adult cow will produce roughly 24 kg of manure each day, a finishing 
hog around 7 kg, and a lactating cow 70 kg (Lorimor et al., 2004). Considering the 
significant number of livestock and poultry in the state, the amount of manure generated 
in Nebraska poses multiple challenges to adequately managing this product to mitigate 
environmental risks. When managed incorrectly, manure can increase risk of P 
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(phosphorous) and N (nitrogen) losses through runoff and leaching (Bergström and 
Goulding, 2005), contributing to water quality impairment. Conversely, when properly 
managed, manure is a locally available source of nutrients that, when recycled for 
fertilization of crops, can also improve soil physical, chemical and biological properties, 
all important for building and sustaining soil health. Furthermore, meeting some or all 
crop nutrient needs with manure applications can help reduce commercial fertilizer inputs 
where sufficient manure nutrients are locally available. Actively marketing manure for its 
nutrients and soil fertility benefits can be a useful tool to accomplish a sustainable 
nutrient balance in those operations with limited cropland (Koelsch and Lesoing, 1999). 
By attaining equilibrium between nutrient inputs and outputs at the farm level, nutrient 
losses to the environment, and resulting water pollution can be reduced. 
Therefore, valuing animal manures to increase their recycling as a fertility input 
for crop production and soil health management may constitute an effective strategy for 
agribusinesses in Nebraska to attain a circular economy model at the farm level (Toop et 
al., 2017). “Recycling” of manure nutrients for crop production would “reduce” inorganic 
fertilizers input, and promote the “reuse” of feed nutrients that are excreted by animals as 
well as the wastewater generated through facility maintenance and cleaning. With that, 
implementation of these practice may help improving natural resources use efficiency 
and building resilience in soil and other environmental systems. 
1.3.2. Potential impact of manure applications on soil health and crop productivity 
Manures from small and medium AFOs are often applied to agricultural fields 
nearest the livestock operation out of convenience and preservation of time for other 
farming activities. For livestock production systems operating under the constraints of a 
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regulatory permit, their required nutrient management plan dictates that they identify and 
utilize sufficient land to apply the manure nutrients from the operation at agronomic 
rates. Perhaps the most concerning situation is when a sizeable operation that does not 
require a regulatory permit has insufficient land at their disposal to utilize manure 
nutrients in an efficient and responsible manner. Sluggish demand for manure as a 
nutrient input by crop producers across the state and insufficient appreciation for the soil 
health benefits of manure can lead to its application at rates that exceed crop nutrient 
needs and make the land receiving the manure susceptible to losses of nutrients via 
runoff, erosion and leaching. It seems clear that a disconnection between the producers of 
manure (livestock farms) and those most likely to benefit from its use (crop producers) is 
a barrier to the efficient utilization of manure as a cropping system input. Arguably, other 
barriers exist to prevent the use of manure in cropping systems (Koelsch et al., 2020). 
However, efforts to define, demonstrate and deliver research-based messages about the 
value of manure to cropping systems, including a focus on evaluating variability in 
manure value among potential application sites based on soil conditions, crop nutrient 
requirements and transportation costs, are expected to improve knowledge, attitudes and 
behaviors of farmers and their advisors towards including manure in crop fertility plans.  
Soil organic matter (SOM) concentration increases after manure applications 
(Diacono and Montemurro, 2011; Schott and Schmidt, 2017). Heightened levels of 
organic matter with manure applications are known to benefit soil physical and biological 
properties, decreasing bulk density and increasing porosity, infiltration, hydraulic 
conductivity, water stable aggregation, and soil microbial activity responsible for nutrient 
cycling (Edmeades, 2003; Haynes and Naidu, 1998; Wortmann and Shapiro, 2008). 
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Improvements in soil physical properties with manure applications may reduce other 
environmental risks like soil erosion and runoff (Gilley and Risse, 2000). This same 
study reports that runoff was reduced by up to 62% and soil losses decreased by 15 to 
65% following manure applications, as compared with non-manured plots. 
Increased SOM concentration with application of organic amendments can also 
play an essential role in climate change mitigation, via carbon sequestration in soils. 
Continuing applications of organic amendments can increase organic carbon by up to 
90% versus unfertilized soil, and up to 100% versus chemical fertilizer applications 
(Diacono and Montemurro, 2011). Although variable according to multiple factors, a 
review of 42 articles reporting on research studies conducted worldwide, and averaging 
18 years in length, concluded that an average of 12% (± 4%) of the total C applied with 
manure is retained in the soil in the form of SOC (Maillard and Angers, 2014). 
Organic amendments also have a substantial positive impact on soil microbial 
communities and larger fauna. When compared with inorganic fertilizer, manure has a 
more significant positive effect on soil biological activity (Douglas, 2003). A review 
conducted by Schott and Schmidt (2017) concluded that “manure and biosolids 
application increases the abundance of soil fauna, such as bacteria, fungi, and 
earthworms.” The same review found that microbial respiration rate is increased by 10 to 
135% with the application of manure, and that microbial biomass carbon is positively 
impacted, both indicators of microorganism abundance in the soil. This point is also 
supported by Diacono and Montemurro (2011) who concluded that microbial biomass 
carbon increased by up to 100% using high-rate compost treatments, and enzymatic 
activity increased by 30% with sludge addition. Graham et al. (2012) reported that 
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“carbon and other nutrients in manure can increase soil microbial biomass by two to three 
times.” The influx of soil microbial biomass, in turn, supports larger organisms that 
influence nutrient cycling in soil. The consumption of soil microbes by micro-arthropods 
and nematodes releases much of the nitrogen held in organic matter, making the nutrients 
available to growing crops (Graham et al., 2012). This latter example demonstrates the 
positive impact of augmented soil microbial activity on the broader soil food web and 
related agronomic crop productivity. Additionally, Guo et al. (2016) demonstrated that 
earthworm abundance, organic matter, and soil water content were positively associated 
with cattle manure compost application. Conversely, a negative impact on earthworm 
abundance was noted with application of inorganic fertilizers.   
Manure also improves the soil chemical conditions in other ways. For example, 
soil surface pH significantly increases with N-based manure or compost applications, but 
decreases with ammonium-nitrogen fertilizer applications (Eghball, 2002). Soil pH is a 
key factor affecting soil nutrient dynamics. Soil pH under which most field crops perform 
best ranges from 6.0 to 6.8 (Mamo et al., 2015). When pH does not fall into this 
spectrum, nutrient availability for crops may be compromised. Additionally, soil cation 
exchange capacity can also increase with manure or compost applications (Eghball, 2002; 
Schott et al., 2017). Cation exchange capacity corresponds to the amount of negative 
charges in clay and organic matter to hold cations on the soil particle surfaces and is 
closely related to the capacity of the soil to retain nutrients for plant use. Since SOM is 
one of the factors affecting CEC, best management practices that increase SOM, like land 
application of organic amendments, should also promote changes in CEC. 
28 
Manure and biosolids also supply valuable nutrients to meet crop needs. Manure 
contains macronutrients, including nitrogen, phosphorous, potassium, and numerous 
micronutrients. A review conducted by Edmeades (2003) concluded that long-term 
applications of manure increases concentrations of organic matter and nutrients like 
phosphorus, potassium (K), calcium (Ca), and magnesium (Mg) in top layers of soil, 
compared to treatments with commercial fertilizer. Due in part to the nutrient content of 
manure, some studies have shown yield improvements with manure treatments (Diacono 
and Montemurro, 2010; Forge et al., 2016;  Manna et al., 2005; Rees et al., 2013; Zhao et 
al., 2009), while others reported no difference (Guo et al., 2016; Yagüe et al., 2016). In a 
comparison with inorganic fertilizers, a study conducted by Eghball and Power (1999) 
revealed no differences in yield for corn grown in eastern Nebraska when comparing beef 
cattle manure or compost applications versus commercial fertilizers at the same nutrient 
levels. However, significant differences in yield were observed in this study between 
crops receiving no applications of external nutrients and those receiving manure, 
supporting the potential for manure to be used more widely among crop producers as 
both a nutrient source and soil amendment. In the same study, Eghball and Power (1999a) 
concluded that limited research exists to describe the short-term effects on crop 
production and soil health from a single application of manure. Most of the studies cited 
in this review correspond to medium- and long-term evaluations. Likewise, a need for 
evaluation of short-term impacts of manure and biosolids application under a nutrient-
balanced experimental design was highlighted in a review from Schott and Schmidt 
(2017) with evaluation of multiple properties affecting soil health being particularly 
valuable. Defining the effects of single applications in different soil and climate 
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conditions may help better understand the fields which maximize the soil health benefits 
of manure applications. Furthermore, this information can be useful to promote among 
farmers the adoption of manure as a part of their nutrient management plans. 
Manure generated by confined livestock across the state of Nebraska has the 
potential to be transformed from a waste product to a valuable resource if managed 
responsibly. Such a transformation could reduce environmental risks associated with 
local and regional nutrient imbalances and constitute a reliable replacement for inorganic 
fertilizers to meet all or some crop nutrient needs while also improving or maintaining 
soil health. However, the effect of manure on soil chemical, physical and biological 
properties can be variable and is impacted by numerous agronomic and climatological 
factors. For example, the species by which manure is generated, its form and chemical 
composition, the method of application, soil type, temperature and weather patterns can 
all contribute to the impact manure has when applied to agricultural cropland (Diacono 
and Montemurro, 2011; Schott and Schmidt, 2017). The scarcity of literature supports the 
assertion that there is a need to identify the immediate and long-term effects of treatment-
balanced single and repeated manure applications under varying management and climate 
conditions, utilizing proven metrics to assess soil chemical, physical and biological 
properties and crop performance. Furthermore, greater outreach effort and development 
of innovative programming approaches are needed to influence understanding and 
acceptance among farmers and their advisors of positive roles that livestock manure can 
play as a crop fertility input and soil amendment.  
1.4. Cedar mulch, soil health and crop productivity  
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1.4.1. Potential impact of cedar mulch applications on soil health and crop 
productivity 
The environmental, ecological, economic and social threats posed by eastern 
redcedar (Juniperus virginiana) tree encroachment are substantial and relevant 
throughout Nebraska and other Great Plains states. While red cedar trees are native to 
Nebraska and many other regions of North America, the ability of this tree species to 
thrive in diverse soils and climatic conditions have contributed to its rapid expansion in 
the last few decades into places and habitats where its presence can be detrimental. 
Although cedar trees provide valuable wood products, wind protection and habitat for 
homes and animal species, their unchecked proliferation poses economic and ecological 
threats including reduced forage production on grasslands, which negatively impacts 
cattle production, a key economic driver for Nebraska (Nebraska Department of 
Agriculture, 2020). Within 15 to 30 years of initial red cedar tree encroachment, above-
ground herbaceous production can be seriously diminished as closed-canopy cedar forests 
form, generating grassland declines of more than 70%. This corresponds to an estimated 
75% decrease in livestock production (Engle et al., 1987; Engle and Kulbeth, 1992; 
Fuhlendorf et al., 2008). From 2005 to 2010, approximately 25,000 acres of grassland in 
Nebraska were converted into cedar forest (defined as a 10% stocking density of trees 
with stem diameter larger than 2.5 cm at a height of 1.37 m above ground level) and 
around 13,000 acres of existing forest were converted into cedar forest (Nebraska 
Conservation Roundtable, 2016). Among Midwestern states, Nebraska has the greatest 
forest density of cedar trees per acre (Nebraska Conservation Roundtable, 2016). Native 
grass species are typically more affected by cedar tree crowns, making prairie ecosystems 
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more vulnerable to changes in their composition when cedar trees are present (Gehring 
and Bragg, 1992). Cedar encroachment can also affect wild fauna on grasslands 
(Chapman et al., 2004; Coppedge et al., 2004; Frost and Powell, 2011) and increase the 
risk of damage caused by wildfires. Furthermore, cedar tree encroachment can lead to a 
high water consumption across large areas. This phenomena can impact aquifer recharge 
rates for regions like the Nebraska Sand Hills that play a key role in maintaining the 
water levels of the Ogallala aquifer (Caterina et al., 2014; Eggemeyer et al., 2009). The 
health and productivity of grasslands and pastures, their inhabitants, and the economies 
that depend upon these natural resources face critical challenges if cedar tree proliferation 
is not controlled.  
Multiple techniques exist to effectively manage red cedar tree growth. Prescribed 
fires are effective primarily for seedling control, due to safety concerns associated with 
burning forests of large trees. However, it often faces social disapproval. Mechanical 
removal of trees is very effective but can be labor intensive and costly. An additional 
challenge is also created as the cleared trees must be burned or otherwise processed to 
dispose of them. With an average cost of $600 per acre for mechanical removal of cedar, 
it would cost around $23 million to clear around 38,000 acres that are converted into 
cedar forest each year in Nebraska (Nebraska Conservation Roundtable, 2016). 
Therefore, promoting sustainable and efficient management of eastern red cedar trees by 
landowners requires that more efficient management alternatives coupled with new and 
novel market-driven utilizations for waste wood are discovered and promoted. 
1.4.2. Potential benefits of cedar mulch as a soil amendment  
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Utilization of cedar mulch as a soil amendment on agricultural land is being 
investigated for its impact on soil health, soil and water conservation, and crop 
productivity. As with livestock manure, the effect on soil properties of land-applied wood 
mulch can vary greatly depending on the composition of material used, the application 
method (surface broadcast or incorporated) and original soil characteristics (Li et al., 
2018). However, the preponderance of research has found that organic mulches have 
beneficial impacts on soil health, reducing soil water evaporation, preventing soil 
physical and chemical degradation, and increasing biological activity.  
Medium- and long-term applications of wood residue and wheat straw have been 
shown to increase different soil organic matter fractions (Jordán et al., 2010; Li et al., 
2018; Kader et al., 2017; N’dayegamiye and Angers, 1993). Mulching also promotes 
growth of algae, bacteria, fungi and activity of larger organisms like earthworms (Kader 
et al., 2017). Forge et al. (2013) also demonstrated the positive impact of alfalfa hay 
mulch that resulted in greater population of protozoa and nematodes when applied to an 
apple orchard with a coarse-textured soil. A study of the effect of wood mulches on crop 
productivity (Tolk et al., 1999) demonstrated that organic mulches could also increase 
corn yield. 
Mulching materials help to reduce moisture loss and temperature variations in the 
first layer of the soils (0-10 cm). Although its effect depends on the type and thickness of 
the amendments applied, different studies report decreasing soil evaporation and 
increments in soil moisture for organic materials (Kader et al., 2017; Zribi et al., 2015). 
Woodchips are specifically seen to conserve soil water compared to bare soil, which in 
turn has a positive effect on plants’ growth (Kraus, 1998; Van Donk et al., 2011). Soil 
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moisture and temperature, in turn, impact soil microorganisms and larger fauna. 
Furthermore, wheat straw has been shown to improve water stable aggregation, decrease 
bulk density and increase soil porosity (Jordán et al., 2010; Mulumba and Lal, 2008).  
Wood chip application as mulch material could provide agronomic and 
environmental benefits when used in crop production. If successfully demonstrated, this 
could present a new value-added market for wood chips that may encourage greater effort 
to control cedar tree encroachment.  
1.5. Coal combustion by-products, soil health and crop productivity  
1.5.1. Coal combustion by-products 
Although alternative energy sources have grown in the last decade, coal is still a 
commonly used product for energy and heat generation in multiple industries in the 
United States and around the world. Burning coal generates several by-products, 
including fly ash, bottom ash, boiler slag, flue gas desulphurization and fluidized-bed 
combustion residues. All these products must be appropriately managed to avoid the 
potential environmental, economic, and social problems associated with their disposal. 
Fly ash is a fine particulate residue generated when burning coal, which is captured by 
air-emissions filters or released to the atmosphere. Bottom ash corresponds to the residue 
that is leftover in the boiler after burning is completed. Fly ash contains particles with 
sizes ranging from 0.001 to 0.1 mm, and bottom ash and boiler slag from 0.1 to 10 mm 
(Korcak, 1998). The chemical composition of coal combustion by-products can vary 
greatly according to coal type, source, and burning conditions (Korcak, 1998). 
Management of these by-products is a significant environmental concern due to the large 
quantity produced every year and the potential for containing toxic trace elements 
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(Shaheen et al., 2014). Environmental concerns, regulations requiring the capture or 
control of coal combustion by-products in operational waste streams, and potentially high 
costs associated with the proper management of these products provides impetus for 
further exploration of alternative management strategies and value added uses of these 
outputs.  
1.5.2. Potential benefits of coal combustion by-products as a soil amendment 
Although highly dependent on its type, some coal combustion by-products have 
shown potential to be used in agricultural contexts, when utilized as soil amendments to 
improve soil health and crop productivity (Basu et al., 2009). Combustion of coal in 
thermal plants can sometimes produce a residue with no N or C content, while partial or 
inefficient coal burning from other processes can generate by-products containing a 
considerable amount of C (Panday et al., 2019). Application to soil of coal char that 
contains a significant amount of C can increase C reservoirs in the soil (Ukwattage et al., 
2013). Fly ash may also contribute several macro and micronutrients needed by crops, 
including K, sodium (Na), zinc (Zn), Ca, Mg and iron (Fe), as well as increase soil pH 
and modify soil electrical conductivity (Basu et al., 2009; Tarkalson et al., 2010). 
Additionally, fly ash has been shown to improve soil physical properties including 
compaction, water retention and drainage (Korcak, 1998; Shaheen et al., 2014). 
Though somewhat limited, the body of research describing the impacts on soils 
and crops of co-mingled organic products is encouraging. The combined application of 
manures or sewage sludge with coal fly ash has been shown to enhance soil nutrient 
availability, buffer soil pH, add organic matter, and stimulate microbial activity (Shaheen 
et al., 2014). A significant increase in rice yields with the combined application of fly 
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ash, organic wastes and chemical fertilizers has been reported (Rautaray et al., 2003) as 
have other positive impacts when fly ash, manure and chemical fertilizer were 
collectively applied to agricultural soil (Singh et al., 2011). 
Although the potential to use coal combustion by-products to improve soil health 
and crop productivity has been documented by some authors in the past, there are a lot of 
factors affecting the actual impact they may have on soil health and crop growth. Some of 
those are type of parent coal material, combustion conditions, storage and handling 
procedures, climate, and the original properties of the soil where they are applied (Basu et 
al., 2009; Tarkaslon, D. et al, 2010). Therefore, there is a need for locally generated 
information on how these amendments can be used effectively and safely in extensive 
crop production. Also, what are the major benefits to be expected in soil and crop 
performance when utilized alone or in combination with other organic residues, in a short 
to medium term period. 
1.6. On-Farm Research 
Agriculture in the United States and worldwide faces multiple challenges related 
to supplying sufficient food for a growing population while doing so efficiently and 
responsibly. Conducting agricultural research that attempts to answer new questions or 
assess innovative methods of improving crop production can yield important discoveries 
necessary to help producers improve their practices while building more sustainable 
farming systems. Historically, the generation of new knowledge in agriculture, as in most 
fields of study, was completed at multiple institutions and then transferred to agricultural 
producers through Cooperative Extension programming that included field days, written 
extension guide sheets, and presentations at local meetings. In short, “discovery” 
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happened oftentimes without stakeholder involvement and was then “delivered” to those 
who were expected to adopt and benefit from the new practices or ideas. This “linear” 
transfer of new technology or information intended to impact change has recently given 
way to a more collaborative model involving farmers in the research as co-creators of the 
new knowledge generated; this can have meaningful impacts on their understanding of 
the process and promote a faster technological adoption for them and among their peers 
(Cook et al., 2013). On-farm research trials, where agricultural research is performed in 
commercial, farmer-owned fields, with active participation of farmers and other local 
stakeholders can constitute a reliable technique to accelerate adoption of innovations. 
Effectiveness of this method lies in testing technologies in real farming conditions, 
engaging farmers in the design and facilitation of the research, and sharing knowledge 
with relevant stakeholders with the involvement of the cooperating farmers whose 
credibility among peers helps accelerate the adoption of recommended technologies or 
practices (Cook et al., 2013; Thompson et al., 2019; Wood et al., 2014). Because of this, 
on-farm research can help achieve more rapid and widespread adoption of conservation 
practices, higher productivity, and better economic results in agricultural businesses 
(Kyveryga, 2019).  
Farmers from Nebraska have shown willingness and fulfilment to participate in 
on-farm research projects in the past (Thompson et al., 2019). Furthermore, in the 2018 
cropping season, around 32 farmers from different parts of the state participated with the 
Nebraska On-farm Research Network to host trials focused on fertility and soil 
management (Nebraska Extension, 2019). Therefore, implementing on-farm research 
trials seems to be a reliable method to assess the impact of organic and inorganic 
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amendments on soil health and crop metrics under different agro-ecological conditions, 
and to promote their utilization among crop producers in the state.      
1.7. High School Engagement 
1.7.1. Soil Health and Agricultural Research 
Agricultural research has always been responsive to the challenges facing the 
industry, and will continue to be so. One such challenge is how to reduce soil loss and 
degradation while improving overall soil health in agricultural land (National Academies 
of Sciences, 2019). Although scientific understanding of the factors affecting soil health 
and the adoption of best management practices (BMPs) that can help improve soil 
conditions are increasing among engaged farmers, their advisors and educators, greater 
awareness among citizens of the importance of agricultural research and the value of 
manure in building and maintaining soil quality is necessary. This is expected to 
contribute to more rapid and widespread adoption of the manure management principles 
that are important to extension manure management specialists and the extension 
educators who interact closely with farmers and other citizens in their communities. 
1.7.2. STEM Education, Agricultural Education and On-Farm Research 
Improving STEM (Science, Technology, Engineering and Mathematics) 
education for youth has been a popular discussion point in recent years. Often overlooked 
in these discussions is the potential for delivering STEM programs that employ 
agriculturally-relevant principles. A combined effort to increase STEM literacy and 
engage youth in scientific projects with practical applications focused on agriculture 
could help increase public support of agricultural research, conservation of natural 
resources and the implementation of best management practices in farming. However, 
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while several authors indicate that an emphasis on the science, technology, engineering 
and mathematical concepts that underlie agricultural systems is an essential element to 
agricultural understanding (Bayes, 2018; Stofer, 2015; Wilson and Curry, 2011), STEM 
integration into agricultural education remains a challenge in many schools. Improving 
the integration of STEM programs and agricultural educational could be accomplished 
through the engagement of middle and high school students in on-farm research. On-farm 
research typically involves university-led agricultural research projects on working farms 
across the nation and is a foundational aspect of the land-grant university’s mission to 
deliver research-based recommendations to rural citizens to improve their lives. The 
accessibility of these sites often spurs interest in the research in rural communities and, it 
is hoped, increases acceptance of resulting recommendations as applicable to farms near 
the research sites (Thompson et al., 2019). The utilization of these projects within K-12 
agricultural education programs could further expand the impact of a technology-transfer 
tool like on-farm research by allowing students to personally observe and learn about the 
process of planning and conducting research. Also, about the practical implications of 
research outcomes, and the dissemination of new information. At the same time, 
engagement in on-farm research projects is expected to improve students’ understanding 
of agricultural science in discussions of soil health and soil health BMPs, regional soil 
and climate conditions, and other topics related to cropping and livestock systems. 
Integrating STEM-associated concepts and practical examples relevant to the audience’s 
everyday experiences into the existing curricula of classes, student retention of the 
STEM-associated concepts and their understanding of the linkages to agriculture tend to 
increase (Bayes, 2018; Stofer, 2015). Furthermore, participation in on-farm research 
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would also allow teachers and students to engage more closely with local farmers, 
extension educators and natural resource conservation organizations who often cooperate 
to discover and apply research-based best management practices. The interdependence of 
research and agriculture is well demonstrated in these settings and models valuable 
partnerships to future generations while illustrating just how important STEM principles 
are to agriculture (Stofer, 2015).  
Integrating on-farm research into education lends its self well to project-based 
learning, which has been shown as an effective way to engage students in active learning 
of environmental science (Basche et al., 2016). Project-based learning is a pedagogical 
approach in science education where students explore topics relevant to them, perform 
investigations collaborating with each other, and develop learning artifacts that let them 
demonstrate to others their scientific engagement (Kelly, 2018). By integrating project-
based, hands-on learning approaches with on-farm research experiments and related 
classroom activities, it seems that one could effectively apply STEM learning concepts to 
agricultural education curricula to increase middle and high school students’ 
understanding of agricultural research practices, agronomic productivity and science 
literacy.  
1.7.3. Agricultural Education in Nebraska. 
Agricultural education is an important element of the public school system in the 
United States, where approximately 1,000,000 students receive this type of instruction 
(NAAE, 2020.). Particularly in Nebraska, 189 schools impart agricultural education to 
more than 15,000 students (Nebraska Department of Education, 2020). Agricultural 
education instruction includes three important inter-related components: classroom 
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instruction, experiential learning and leadership development. “Experiential learning” is 
one of its core aspects, and it supports the inclusion of hands-on activities and on-farm 
research in secondary education in order to better understand the relevance of classroom 
content. One example of that is the supervised agricultural experience (SAE) program, 
where students apply concepts and principles learned in the classroom in real-life 
situations while supervised by the teacher. However, implementation of SAEs remains a 
challenge for some agriculture teachers and new and innovative strategies for its 
implementation are needed (Retallick, 2010; Thompson and Schumacher, 1998). As such, 
agricultural education programs across the state could represent a valuable partner for 
delivering agricultural research and soil health training to youth in the state of Nebraska, 
while complementing regular class instruction, and enhancing the SAE opportunities of 
secondary school students. 
Educational research has demonstrated the value of engaging students in project-
based, hands-on learning, and the necessity to improve STEM integration in agricultural 
classes, as well as SAEs opportunities for secondary school students (Retallick, 2010; 
Thompson and Schumacher, 1998). There is, moreover, a scientific need to improve 
public support of agricultural research, understanding of soil health and adoption of soil 
health BMPs in agroecosystems. Thus, there is potential to advance all of these goals 
through the creation and delivery of project-based, hands-on learning program (a 
combination of on-farm research, classrooms lectures and hands-on activities) on best 
management practices to improve soil health in agricultural land, agricultural research 
and STEM communication to agricultural education students in Nebraska.   
1.8. Objectives for the study 
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Significant work has been done to test the effects of organic amendments on soil 
health and crop productivity; however, most of them are medium to long-term studies, 
performed in controlled settings, like laboratories or research stations. Furthermore, 
innovative methods are needed to assess soil, climate and management practices capable 
of maximizing agronomic and soil health benefits of organic and inorganic soil 
amendments, while engaging farmers and other relevant audiences in the research process 
and delivery of the resulting outcomes. Therefore, the thesis project presented herein was 
designed with the following objectives: 
1) Determine the short-term effects of a single application of manure, cedar mulch 
and coal char – individually or in combination – on agronomic and soil health 
variables under varying agro-climatic conditions.  
2) Assess the impact of a project-based, experiential learning program that engages 
high school students in agricultural research and outreach to improve student 
understanding of soil health, research, and science literacy concepts. 
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 CHAPTER 2: ON-FARM RESEARCH TO ASSESS THE USE OF MANURE, 
WOODY-BIOMASS AND COAL CHAR AS LAND TREATMENT 
PRACTICES TO IMPROVE AGRICULTURAL SOIL 
HEALTH IN NEBRASKA 
Agustin J. Olivo, Amy Millmier Schmidt, Richard Koelsch, and Eric Henning 
 
2.1. Abstract 
In nearly every production environment, there are opportunities to capture profits 
if waste streams can be further processed or enhanced to create “value added” products. 
The study described here investigated the impacts on soil characteristics and crop 
productivity of three traditional “waste” streams: livestock manure, cedar mulch from 
forestry management and coal char from sugar beet production. On-farm research studies 
were initiated in 2019 at four locations across the state of Nebraska to assess the impacts 
of these amendments on agricultural cropland. Study treatments included beef cattle 
manure (CM), beef cattle slurry (CS), coal char (CC), woody biomass (WB), cattle 
manure+woody biomass (CMWB), cattle slurry+woody biomass (CSWB), cattle 
manure+coal char (CMCC), and control (CON; no organic amendment). Soil chemical 
properties (SOM, pH, CEC, EC, NO3-N, P, K, SO4-S, Ca, Mg, Na), soil physical 
properties (aggregate stability, bulk density, sorptivity) and corn yield were evaluated. 
Results indicate that single pre-plant manure applications can make significant 
contributions of macronutrients (N, P and K), constituting a reliable resource to replace 
inorganic fertilizers. No changes in crop yield were observed with manure applications, 
having N balanced between treatments. Depending on initial soil quality, manure also 
increased SOM, pH, and EC. Surface applications of woody biomass did not show 
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evidence of soil acidification or N immobilization, although it induced soil nitrate 
reduction in top soil layers when incorporated after crop harvest in one research site. Soil 
physical properties were mostly unchanged under all treatments except coal char. This 
treatment significantly increased SOM and pH, and decreased bulk density. However, it 
also decreased crop yield. More research is needed to further understand the impact of 
coal char on soil and crop metrics. 
Keywords: beef manure, coal char, corn yield, soil quality, woody biomass 
2.2. Introduction 
2.2.1. Soil health in agricultural systems 
Soil health is a key feature of ecosystems, defined as the “continued capacity of 
soil to function as a vital living system, within ecosystem and land-use boundaries, to 
sustain biological productivity, maintain the quality of air and water environments, and 
promote plant, animal, and human health.” (J.W. Doran et al., 1996; John W. Doran and 
Zeiss, 2000). In the context of agricultural systems, a healthy soil is one that is “capable 
of supporting the production of food and fiber, to a level and with a quality sufficient to 
meet human requirements, together with continued delivery of other ecosystem services 
that are essential for maintenance of the quality of life for humans and the conservation 
of biodiversity” (Kibblewhite et al., 2008). In this way, soil health is more related to the 
concept of sustainability and it deems several parameters interacting with one another to 
build it up.  
Because of the complexity of this concept, an integral research analysis including 
variables that evaluate the multiple aspects related to soil health can provide a fair 
characterization of this feature. By using relevant information about the biological, 
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chemical and physical properties from the field, an improved understanding of soil health 
can be achieved (Schuster, 2015). Although it is clear to most researchers that they need 
to evaluate several components to assess soils’ health, few studies have conducted a 
multiple sides evaluation (considering the soil physical, biological and chemical 
properties) (Schott and Schmidt, 2017) . Furthermore, along with promoting a permanent 
and precise assessment of soil health variables in agricultural systems, there is a growing 
interest in the implementation of different best management practices at the farm level to 
improve soil health due to its vital role on crop production. In those terms, reducing soil 
loss and degradation has become one of the key current research challenges to achieve 
sustainable agricultural systems around the globe (National Academies of Sciences, 
2019).     
2.2.2. Livestock manure as a soil amendment 
In areas of intensive livestock production like Nebraska, animal feeding 
operations (AFOs), including swine, dairy, poultry, and beef cattle facilities, generate 
significant amounts of manure, often considered a “waste” product. For example, the 
United States Department of Agriculture Natural Resource Conservation Service (USDA-
NRCS) estimates that an adult cow will produce roughly 28 kg of manure each day 
(Lorimor et al., 2004). Manures from AFOs are generally applied to agricultural soils on 
fields nearby the AFO year after year due to a sluggish demand for manure as soil 
amendment by crop producers across the state. This, despite the fact that manure and 
biosolids have demonstrated  the potential to positively impact soil chemical, physical 
and biological properties, all relevant features for bulding healthy soils (Diacono and 
Montemurro, 2011; Schott and Schmidt, 2017). When applied at agronomic rates they 
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have been shown to increase soil organic matter, balance soil pH, supply valuable 
nutrients and improve soil physical and biological properties.  
Soil organic matter and soil organic carbon increases after manure applications 
(Diacono and Montemurro, 2011; Schott and Schmidt, 2017). Heightened concentrations 
of organic matter with manure applications are known to benefit soil physical and 
biological properties by increasing soil resistance to erosion (Gilley and Risse, 2000), 
increase porosity, infiltration capacity, hydraulic conductivity, water stable aggregation, 
decrease bulk density, and increase soil microbial activity responsible for nutrient cycling 
(Edmeades, 2003; Haynes and Naidu, 1998; Wortmann and Shapiro, 2008). From another 
perspective, increased SOM concentration with application of organic amendments can 
also play an essential role in climate change mitigation, via carbon sequestration in soils. 
Continuing applications of organic amendments can increase organic carbon by up to 
90% versus unfertilized soil, and up to 100% versus chemical fertilizer applications 
(Diacono and Montemurro, 2011). 
Manure also improves the soil chemical conditions in other ways. For example, 
soil surface pH significantly increases with N-based manure or compost applications, but 
decreases with ammonium-nitrogen fertilizer applications (Eghball, 2002). Soil pH is a 
key factor affecting soil nutrients dynamic. Soil pH under which most of the field crops 
perform the best ranges from 6.0 to 6.8 (Mamo et al., 2015). When pH does not fall into 
this spectrum, nutrient availability for crops may be compromised. Additionally, soil 
cation exchange capacity can increase with manure or compost applications (Eghball, 
2002; Schott et al., 2017). 
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Manure and biosolids also supply valuable nutrients to meet crop demands. 
Manure contains a significant amount of nitrogen, phosphorous, potassium and other 
micronutrients. Long-term applications of manure generate soils with higher levels of 
organic matter, P, K, Ca, and Mg in top layers, compared to treatments with commercial 
fertilizer (Edmeades, 2003). Due in part to the nutrient content of manure, some studies 
have shown yield improvements with manure treatments (Diacono and Montemurro, 
2010; Forge et al., 2016;  Manna et al., 2005; Rees et al., 2013; Zhao et al., 2009), but 
others reported no difference (Guo et al., 2016; Yagüe et al., 2016). Studies in eastern 
Nebraska showed no difference between manure treatments in comparison to inorganic 
fertilizers (Eghball and Power, 1999a). However, significant differences in yield were 
observed between crops receiving no external applications of nutrients and those 
receiving manure, supporting the potential for manure to be used more widely among 
crop producers as a replacement for inorganic fertilizers. However, limited research 
exists on short-term effects and single applications of land applied manure on crop 
production and all the soil properties affecting overall soil health.  
Manure generated in AFOs across the state of Nebraska has the potential to be 
transformed from a waste product to a valuable resource if adequately managed. Such a 
transformation would reduce environmental risks caused by local and regional nutrient 
imbalance and constitute a reliable replacement for inorganic fertilizers with a positive 
impact on soil health. However, the effect of manure on soil chemical, physical and 
biological properties can be variable and is impacted by multiple factors, like the 
chemical composition of the manure, the soil type, temperature, and weather patterns. 
(Diacono and Montemurro, 2011; Schott et al., 2017). Therefore, there is a need to 
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identify the field and climate conditions that will maximize the short-term soil health and 
crop benefits of single manure applications, integrating metrics to assess soil chemical, 
physical and biological properties, as well as those evaluating crop performance. 
Furthermore, greater effort is needed to demonstrate the benefits of manure as a soil 
amendment to crop producers in Nebraska.  
2.2.3. Wood mulch as a soil amendment  
Eastern red cedar (Juniperus virginiana) is a species of juniper tree found 
throughout much of North America. Despite being a native species that is often planted to 
create windbreaks around homes and livestock facilities, its rapid proliferation into areas 
where it is unwanted has led to its consideration as an invasive species. In Midwestern 
states like Nebraska, cedar encroachment has become a serious economic and ecological 
threat due to its negative impact on natural habitats and grasslands. On grasslands, cedar 
trees affect pasture growth when shading plants under them, and diminish water 
availability in the soil (Engle et al., 1987).  
Mechanical removal of trees is an effective control measure, but can be an 
expensive option for land owners. Identifying a value-added market for the “waste” wood 
to offset the cost of removal may motivate land owners to invest in mechanical removal 
of cedar trees. One proposed use of cedar tree waste by agricultural crop producers in the 
Nebraska Sandhills, where cedar tree encroachment is particularly significant, is creating 
mulch for application to agricultural soils. As with livestock manure, the effect of using 
wood mulch on soil properties can vary greatly depending on the composition of material 
and the method of application (surface broadcast or incorporated) (Li et al., 2018).  
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Medium- and long-term applications of wood residue and wheat straw have been 
shown to increase soil organic matter fractions and organic carbon (Jordán et al., 2010; Li 
et al., 2018; Kader et al., 2017; N’dayegamiye and Angers, 1993). Mulching also 
promotes growth and activity of microorganisms, like algae, bacteria, fungi, and larger 
organisms, like earthworms (Kader et al., 2017; Forge et al., 2013). Some studies have 
also considered the effect of wood mulches on crop productivity; Tolk et al. (1999) 
reported increased corn yield with the use of organic mulches. However, application of 
organic amendments with high C:N ratio may also impact nutrient availability for crop 
growth. Application and incorporation of woody biomass has been shown to induce 
nitrogen immobilization in soils and to decrease N content in leave tissue of almond trees 
(Holtz et al., 2004). 
Mulching materials help to reduce moisture loss and temperature variations in the 
uppermost depth of soils (0-10 cm) (Kader et al., 2017). Although soil moisture effects 
vary by the type and thickness of the mulch material, studies reported decreased soil 
evaporation and increased soil moisture for organic materials (Kader et al., 2017; Zribi et 
al., 2015). Conservation of soil water with woody biomass application has been 
demonstrated in comparison to bare soil, which in turn produced a positive effect on plant 
growth (Kraus, 1998; Van Donk et al., 2011). Soil moisture and temperature, which are 
affected by woody biomass application, also have an impact on soil microorganisms and 
larger fauna (Kader et al., 2017). Wheat straw was also shown to improve multiple soil 
physical properties after a three-year period since the application (Jordán et al., 2010). In 
this study, water stable aggregation increased with mulching rate, and soil porosity 
decreased. Furthermore, bulk density decreased with augmented mulching rates, as well 
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as runoff generation and soil losses. Mulches and crop residues on the soil surface help 
dissipate rain-drops forces impacting soil aggregates and help retain water for longer 
periods of time, increasing infiltration and reducing runoff (Blanco-Canqui and Lal, 
2009). A study conducted in a silt loam soil in Central Ohio reported strong positive 
correlation between wheat straw mulch application and mean weight diameter of 
aggregates, as well as percentage of water-stable aggregates (Mulumba and Lal, 2008). 
Conversely, unmulched or bare soils are more vulnerable to external forces that can cause 
surface sealing, crusting and increased compaction (Blanco-Canqui and Lal, 2009).  
Application of wood mulch to agricultural cropland may produce agronomic and 
environmental benefits. However, research to quantify the short-term impact of single 
wood mulch applications on soil health characteristics and crop production systems under 
varied agronomic, climate and management conditions is necessary. 
2.2.4. Coal combustion by-products as a soil amendment 
Although alternative energy sources have grown in the last decades, coal is still a 
commonly used product for energy and heat generation in multiple industries in the 
United States and around the world. Burning coal generates several by-products, 
including fly ash, bottom ash, boiler slag, flue gas desulphurization (FGD) and fluidized-
bed combustion (FBC) residues. All of these products must be appropriately managed to 
avoid potential environmental, economic, and social risks associated with their disposal. 
FGD and FBC byproducts originate in different treatment technics used to reduce 
gaseous emissions generated in the process, such as sulfur oxides. Fly ash is a fine 
particulate residue generated during coal combustion that is either captured by air-
emissions filters or released to the atmosphere. Bottom ash and boiler slag corresponds to 
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the residue that remains in the boiler after burning is completed. Fly ash particles range in 
size from 0.001 to 0.1 mm, while bottom ash and boiler slag are 0.1 to 10 mm in size 
(R.F. Korcak, 1998). The chemical composition of coal combustion by-products can vary 
greatly according to coal type, source, and burning conditions (R.F. Korcak, 1998). For 
example, concentration of trace elements in coal combustion by-products generated in the 
United States may vary from coal extracted in western United States to coal extracted in 
eastern United States (R.F. Korcak, 1998). Also, coal cleaning prior to combustion, pre-
combustion technics, and burning temperature are some of the operating factors that may 
change the ash yield, as well as its composition. Management of these by-products to 
mitigate potential environmental risks is critical due to the large quantities produced and 
the presence of potentially toxic trace elements (Shaheen et al., 2014). Increasing 
regulatory oversight for management and disposal of coal combustion by-products, 
coupled with the high costs of acceptable management practices, motivates exploration of 
value-added uses for these products. Some of them have shown potential value as 
agricultural soil amendments to improve soil health and crop productivity (Basu et al., 
2009). 
Combustion of coal in thermal power plants can sometimes produce a residue 
with no nitrogen (N) or carbon (C) content, while partial or inefficient burning of coal in 
other processes can generate a by-product with considerable C content (Panday et al., 
2019). Application to soil of coal combustion by-products with significant C content can 
increase C reservoirs in the soil (Ukwattage et al., 2013). Fly ash, specifically, may also 
contribute valuable nutrients to crops, such as potassium (K), zinc (Zn), calcium (Ca), 
magnesium (Mg) and iron (Fe), as well as increase or decrease soil pH (according to its 
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own pH that may vary) and increase soil electrical conductivity (Basu et al., 2009; 
Tarkalson et al., 2010). Additionally, fly ash has been shown to improve soil physical 
properties like compaction, water retention and drainage (R.F. Korcak, 1998; Shaheen et 
al., 2014). 
The combined application of livestock manures or sewage sludge with coal fly 
ash has been shown to have multiple advantages, such as enhanced nutrient availability, 
pH buffering, organic matter addition, and microbial stimulation (Shaheen et al., 2014).  
Rautaray et al. (2003) also demonstrated a significant increase in rice yields with the 
combined application of fly ash, organic wastes and chemical fertilizers. Positive impacts 
on soil chemical and physical properties of combined applications of fly ash, manure and 
chemical fertilizer have also been reported by Singh et al. (2011). 
However, if not properly characterized, and handled, coal combustion by-products 
may represent a hazard when land-applied in agricultural soils. Some of the main risks 
are the loading of trace elements (boron, molybdenum, selenium and aluminum, among 
others), heavy metals, and soluble salts, which may negatively impact crop growth and 
soil properties, as well as to leach into the groundwater (Basu et al., 2009; R.F. Korcak, 
1998).  
Although potential benefits of coal combustion residues on soil health and crop 
productivity have been documented, many factors affect the impacts of individual 
products, including parent coal material, combustion conditions, storage and handling 
procedures, climate, original properties of the soil where they are applied, and the unique 
characteristics of each product (Basu et al., 2009; Tarkaslon et al., 2010). Therefore, it is 
necessary to investigate specific combinations of amendments, soils, climates and crops 
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to generate reliable information on their performance and safety when used alone or in 
combination with other organic residues. 
The individual soil quality and crop productivity impacts of land applied manure, 
cedar mulch (woody biomass), and coal char have been investigated. However, their 
combined effects are likely to vary with differing agronomic and climatological factors. 
Therefore, the purpose of this study was to quantify short-term individual and combined 
impacts of single applications of cedar mulch, livestock manure and coal char on 
Nebraska cropping systems. 
2.3. Materials and Methods 
2.3.1. Site description 
Research was conducted on four commercial crop production fields during the 
2019 cropping season. Site A was a 29.5-ha field located 17.2 km northeast of Saint Paul, 
Howard County, NE (41°17'18.6"N, 98°20'49.1"W); Site B was 57.5-ha acres located 3.9 
km east of Pierce, Pierce County, NE (42°11'44.2"N 97°34'03.5"W); Site C was 46.9-ha 
acres located 20.4 km northwest of Ainsworth, Brown County, NE (42°37'47.4"N 
100°00'16.5"W); and Site D consisted of 50.2-ha acres located 12.1 km southwest of 
Brule, Keith County, Nebraska (41°02'37.3"N 101°58'17.4"W) (Figure 2.1). Soil 
classifications (Soil Survey Staff, Natural Resources Conservation Service, 2016) and 
management characteristics for each of the sites are summarized in Table 2.2. Tillage 
practices among the sites included no-till management at sites B and C, strip-tilling prior 
to planting at site D, and light horizontal tillage at the end of the 2019 cropping season 
prior to soil sampling, at site A. Corn (Zea mays L.) was planted in all the sites during 
2019 and crops received 33.5 mm, 142.2 mm, 30.5 mm, and 203.2 mm of irrigated water 
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through center pivot irrigation systems for sites A, B, C, and D, respectively. All 
cooperating producers reported that no manure was applied to the fields in the prior five 
years. Average monthly temperatures and precipitation for weather stations close to each 
site during 2019 are reported in Table 2.3.  
2.3.2. Experimental design 
Plots were established at each site in the fall of 2018 or spring 2019. They were 
arranged in a randomized complete block design (RCBD) with four replications for each 
of the treatments applied. Treatments varied slightly among locations. For site A, the 
treatments tested included beef cattle manure from a bedded barn (CM), woody biomass 
(WB), CM+woody biomass (CMWB), and a control treatment with no amendments 
(CON). For site B, treatments included beef cattle slurry (CS), CS+woody biomass 
(CSWB), and a control treatment with no amendments (CON). At site C, treatments 
included beef cattle feedlot manure (CM), woody biomass (WB), CM+woody biomass 
(CMWB), and a control treatment with no amendments (CON). And, at site D, treatments 
included beef cattle feedlot manure (CM), combustion coal by-product, or coal char 
(CC), CM+CC (CMCC), and a control treatment with no amendments (CON).  
Woody biomass generated from eastern read cedar tree (Juniperus virginiana) 
located approximately at 5.3 km north west of Long Pine, NE was used at all study sites. 
The material was comprised of chipped bark, limbs, and trunks, with particles ranging 
from 1.5 cm to 13 cm in length, but predominantly on the smaller side o f the range. 
Manure was obtained from beef cattle animal feeding operations near each of the study 
sites; nutrient characteristics of each manure source are summarized in Tables 2.5 
through 2.8. Cattle manure for sites A and B was originated in confinement barns, and 
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manure for sites C and D in open dry lots. Coal char corresponds to the residue left over 
from coal fired boilers, and it was originated from Western Sugar Cooperative 
(Denver, CO). This product is a combination of fly ash and bottom ash resulting from 
incomplete combustion of coal. Measured bulk density of the coal char was 1.03 g cm-3 
with approximate particle size distribution of: < 0.125 mm (10.3%); 0.125 to <1.18 mm 
(49.0%); 1.18 to <4.75 mm (15.5%); and 4.75 mm or larger (25.2%). 
Plots measured 106.7 m in length at all sites, except for Site C, where they were 
6.1 m. Plot widths at sites A, B and D measured 12.2 m in correspondence with harvest 
equipment used at each site. At site C, plot widths measured 6.1 m. Buffer strips equal in 
width and length to experimental plots were establish between plots at all sites (Figures 
2.2 through 2.5).   
2.3.3. Treatment applications  
All amendments were broadcasted via solid or slurry manure spreaders. For site 
A, a Spread-All TK20T truck-box spreader with a horizontal distributor (West Point 
Design, West Point, NE, USA) was used to apply CM and WB. Cattle slurry was applied 
at site B using a Jamesway AT4600 with a splash plate (Jamesway Farm Equipment, 
INC., St. Francois-Xavier, Quebec, Canada). Woody biomass was hand-applied on this 
site. For sites C and D, a Meyer’s VB750 manure spreader (Meyer’s Equipment 
Manufacturing, Dorchester, WI) and a Lowlander MK4-105 spreader (Bunning 
Agricultural Engineers North America, Horace, ND, USA), both with vertical 
distributors, were used for the application of manure and woody biomass, respectively. 
At each site, application equipment was calibrated prior to treatment application and at 
least three measurements of actual application rates on plots were performed using the 
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same technique. These site-specific application rates were averaged to obtain the final 
reported application rate of the amendments at each study site. Briefly, for the solid 
amendments (CM, WB and CC), multiple plastic tarps measuring 2.04 m2 (22 ft2) were 
placed in the application equipment path of travel and secured to the ground with wire 
pins. Equipment was driven over the plastic sheets and then tarps containing applied 
material were carefully collected and weighed. Dry cattle manure was applied at rates of 
46.4 Mg ha-1, 37.9 Mg ha-1 and 29.6 Mg ha-1 (wet weight) at sites A, C and D, 
respectively.  For cattle slurry, application rate was determined by placing four 20 cm-tall 
rain gauges at 0, 1.8, 4.0 and 6.1 m from the center of the plots (12.2-m wide plots). The 
liquid manure spreader was driven through the center of the plot and the depth of slurry 
collected in each gauge was documented. The recorded values were averaged to calculate 
the application rate. For site B, an application rate of 53,317.5 l ha-1 was used. Woody 
biomass application rates at each site were determined using the same procedure 
described for solid cattle manure. The application rate of WB at sites B and C was 22.4 
Mg ha-1 (wet weight), while the rate at site A was 26.9 Mg ha-1 (wet weight). At site D, 
coal char was applied at a rate of 42.1 Mg ha-1 (wet weight). For CM, CS, WB and CC, 
materials were individually applied by completing several passes with equipment. For all 
of the sites, cattle manure was initially applied to the plots, and then either woody 
biomass or coal char, according to treatment, was distributed in a second pass.  
Samples of each amendment were taken at the time of application and analyzed 
for chemical composition by a commercial laboratory (Ward Laboratories Incorporated, 
Kearney, NE, USA). A summary of chemical and physical properties of the amendments 
applied in the study are reported in Tables 2.5 through 2.8. 
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2.3.4. Crop and nutrient management  
At all study sites, the cooperating producers made most of the crop management 
decisions throughout the study, which were documented and reported by the farmers. Pre-
planting, while planting and in-season inorganic fertilizer applications during the 2019 
cropping season were also reported by the farmers; applications of fertilizers done prior 
to 2019 were not reported. Important facts and dates of the field’s management and 
sampling are included in Tables 2.9 and 2.10. Slight changes to the farmers’ fertilization 
plans were made to accomplish an approximately balanced nutrient level in all the plots 
included in the experimental design. Woody biomass and coal char were not considered 
as a nutrient source in the fertility program. The availability of macronutrients from dry 
cattle manure and cattle slurry for the first cropping season after the application were 
calculated according to the results of the amendments’ chemical analyses, and first year 
availability factors from Shapiro et al. (2015) and Schulte and Kelling (1992). Briefly, for 
the first year of the study, 25% of the organic N in the solid feedlot beef cattle manure 
and 35% of the organic N in the beef cattle slurry were considered available for the crop; 
no ammonium-nitrogen was deemed available for either due to surface application of the 
manures. Availabilities of P2O5, K2O and S were taken as 70, 90 and 55%, respectively. 
Nitrogen availability for crop uptake from all sources was balanced among plots at all 
study sites, except Site C where manured plots had approximately 38.6 kg ha-1 of extra N. 
Application of P2O5 was balanced among plots only at site B. For sites A and B, 
inorganic fertilizer applied to CON and WB plots beyond the farmers’ fertility programs 
were surface broadcasted. Summaries of the nutrient management strategies for all study 
sites are compiled in Tables 2.11 through 2.15.  
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2.3.5. Soil sampling for chemical properties 
Soil samples were collected at each site prior to the application of the treatments 
to determine initial soil chemical properties (Table 2.4). Subsequent samples were 
collected at the end of the cropping season (after crop harvest), between November and 
December 2019. Soil was sampled to a depth of 91 cm, in layers of 0 to 10 cm, 10 to 20 
cm, 20 to 51 cm and 51 to 91 cm. In each plot, soil from 0 to 10 and 10 to 20 cm was 
obtained in at least 15 random locations using a 3.0-cm diameter PN 001 JMC hand 
probe (Clements Associates Inc., Newton, IA, USA) by collecting on the quarter-row 
position (Kladivko et al., 2014), avoiding the outside 1 m of each plot. All plant residue 
and woody biomass was carefully removed from the soil surface before taking the 
samples. The 15 cores were composited according to depth and a single sample per depth 
within each plot was transported to a commercial laboratory for analysis (Ward 
Laboratories Incorporated, Kearney, NE, USA). Chemical properties analyzed included 
soil organic matter (SOM) concentration (loss-on-ignition method), pH (saturated paste, 
1:1 soil to water ratio), cation exchange capacity (CEC) (sum of cations), soil electrical 
conductivity (EC) (soluble salts 1:1 soil to water ratio), nitrate-nitrogen, available 
phosphorous (Mehlich P-3 test extraction method), available sulfur (Mehlich P-3 test 
extraction method), available potassium (ammonium acetate extraction), available 
calcium (ammonium acetate extraction), available magnesium (ammonium acetate 
extraction), and available sodium (ammonium acetate extraction). For soil layers of 10 to 
51 and 51 to 91 cm, intact soil cores were collected from three random locations in each 
plot within center rows using a 2-cm diameter JMC Enviromentalist’s Sub-Soil Probe 
sampling system (Clements Associates Inc., Newton, IA, USA) lined with a PETG 
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copolyester liner (Figure 2.6). The compaction generated by this tool was properly 
accounted when dividing the soil cores, according to the recommended protocol. Briefly, 
at least three measurements of the compaction generated by the probe were performed 
while taking the samples using a regular tape measure, for different soil layers; 
compaction values from the entire field for each layer were averaged, and used for final 
processing of the samples. After that, the three cores were composited according to depth 
and a single sample per depth within each plot was sent to the same commercial 
laboratory to be analyzed for NO3-N content.  
2.3.6. Soil sampling for physical properties 
Three soil physical properties were assessed following the 2019 cropping season: 
bulk density, sorptivity, and wet aggregate stability. 
Bulk density 
Soil bulk density was assessed at all the research sites for depths from 0 to 5 cm 
and 5 to 10 cm according to the core method (Grossman and Reinsch, 2002). A bulk 
density soil sampling kit with rings measuring 5.1 cm in height and 5.1 cm in external 
diameter (volume of 90.59 cm3) and a compact slide hammer (AMS, Inc., American 
Falls, ID, USA) was used to obtain samples (Figure 2.7). A total of three samples were 
taken from three randomly selected inter-row positions in interior plot rows with no 
visible equipment tracks (Eghball, 2002; Kladivko et al., 2014; Ruis et al., 2017); plant 
residue was carefully removed from the soil surface prior to sampling. Samples were 
transported to the University of Nebraska-Lincoln East Campus where they were oven-
dried at 105°C for a minimum of 48 hours and then weighed. Bulk density was estimated 
according to the formula:  
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𝐵𝑢𝑙𝑘 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔 𝑐𝑚−3) =




Soil sorptivity, defined as a measure of the capacity of soil to absorb or desorb 
liquid by capillarity (Philip, 1957), was assessed in all study sites, except for site A, 
according to the methods described in Shaver et al. (2013). Briefly, in each plot, five 
random locations were selected away from plot edges and avoiding visible equipment 
tracks; plant residue was gently removed from the soil surface, and metal rings measuring 
10.5 cm in height and 9.8 cm in diameter were pushed into the soil between rows to a 
depth of 2.5 cm (Schott, 2018). A plastic sheet was placed on top of the soil within the 
ring to temporarily hold water that was poured into the ring to a depth of 1 cm (75 ml). 
The plastic sheet was then removed, slowly releasing the water evenly across the soil 
surface to dissipate energy that could have disrupted it. If a crack appeared in the soil 
surface while placing a ring, the ring was removed and relocated. The time for the water 
to completely infiltrate in the soil was recorded and sorptivity was calculated using the 
following equation:  





t = infiltration time 
Wet aggregate stability 
Wet aggregate stability was assessed in plots at all study sites by collecting at 
least 10 random soil cores per plot to a depth of 5.1 cm, since this layer is the most 
exposed to wind and water erosion. Soil was sampled at locations away from the edge of 
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the plots and in rows without visible equipment tracks using a 3.0 cm diameter PN 001 
JMC hand probe (Clements Associates Inc., Newton, IA, USA). Following sample 
collection, the soil cores from each plot were gently mixed and a single composite sample 
from each plot was then used to determine wet aggregate stability via wet-sieving using 
methods described in Nimmo and Perkins (2002) and Blanco-Canqui et al. (2017). 
Briefly, soil samples were air-dried for at least 48 h in a forced air oven at 60°C. Then, 
samples were ground and passed through an 8-mm sieve. Material retained on the sieve 
was discarded, and visible pieces of crop residues and roots were removed. 
Approximately 50 g of the sieved soil were weighed and placed on a filter paper on top of 
a stack of sieves with openings of 4.75, 2, 1, 0.5 and 0.25 mm. The sieves, as a group, 
were placed in tanks filled with water and the soil was saturated by capillarity for 10 min. 
The filter paper was then removed and sieves were shaken in the water tank for 10 min at 
a rate of 30 vertical oscillations per minute. Soil retained by each sieve was transferred 
into glass beakers and oven-dried at 105°C for a minimum of 48 h, then weighed to 
estimate the mass of the aggregate portion. A sand content correction (Márquez et al., 
2004) was performed for samples from Sites B, C and D (sandy-loam textures). Briefly, 
each glass beaker with dried soil was filled with 0.5% Na hexametaphosphate to a depth 
of 0.5 cm, slightly agitated, and allowed to sit for 24 h to disperse through the soil 
aggregates. The samples were then passed through a 0.053-mm sieve using tap water and 
the material retained was oven-dried at 105°C for a minimum of 24 h and weighed. The 
total mass of sand for each size fraction was subtracted from the amount of dry soil 
initially retained for each size fraction. Mean weight diameter (MWD) of the collected 
aggregates was calculated for each sample using the formula:  
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n = the number of aggregate size ranges,  
xi = mean diameter of the aggregates in a particular size range,  
mi = mass of the aggregates of that size range as a relative fraction of the 
total dry mass in the soil sample analyzed, corrected by sand content if 
appropriate.  
Additionally, a percentage of water-stable macro aggregates (WSMA, aggregates 
larger than 0.25 mm) for each soil sample was estimated according to methods developed 
by Kemper and Koch (1966) and States (1999) using the formula:  
𝑊𝑆𝑀𝐴 (%) =
[ (weight of dry aggregates > 0.25 mm) − sand ]
[ total weight of soil sample − sand ]
 
where:  
Sand = the total sand content of the aggregates >0.25 mm determined by 
the sand correction method described by Kemper and Koch (1966). 
2.3.7. Crop yield  
During plot establishment, plot corners were geo-referenced using a Trimble R1 
GNSS receiver (Trimble Inc., Sunnyvale, CA) and this geospatial information was 
correlated to yield data collected by combine harvesters used at sites A, C and D using 
ArcGIS (ESRI Arc GIS, Redlands, CA). Roughly 12 m of yield data from each end of 
plots was excluded from yield determination to account for grain flow delay when 
transitioning between plots. Additional yield data points were excluded if clear operator 
error was identified, such as abrupt starting and stopping. All the remaining points within 
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each plot were averaged to estimate crop yield using a spatial join. The number of yield 
data points in each plot used to calculate the yield average was 43 for site A, 45 for site 
C, and 49 for site D. Mean yield was then adjusted to 15% moisture content.  
At site B, a hand-harvest protocol was implemented. A surface area within each 
plot corresponding to 0.0004 ha (0.001 ac) was harvested (Lauer, 2002) by collecting all 
of the ears on plants growing in two random sections measuring 265.4 cm long each, 
avoiding rows close to plot edges. The collected material was air-dried for at least 48 
hours in a forced air oven at 60°C (Kladivko et al., 2014), shelled using a Maizer whole-
ear corn sheller (Almaco, Nevada, IA, USA), and weighed to determine yield.  
2.3.8. Statistical analysis  
All statistical computations were performed using Statistical Analysis Software 
(SAS Institute Inc., Cary, NC). The generalized linear mixed model (PROC GLIMMIX) 
procedure was used to analyze all variables within individual study sites. All variables 
were determined to be normally distributed after testing normality for the residuals (QQ 
plots), with the exception of soil sorptivity and the percentage of water-stable 
macroaggregates, which were distributed according to a beta distribution. A one-way or 
two-way analysis of variance (ANOVA, LSMEANS / SLICE statements) was used to 
assess treatment and experimental effects and their interactions. If appropriate, least 
significant difference (LSD) was used as a post hoc test to determine if differences 
between treatments were significant at the α=0.05 level. Mean weight diameter, 
percentage of water-stable macroaggregates, sorptivity and yield were analyzed assuming 
treatment to be a fixed effect and block to be a random effect. Treatment, depth and block 
effects on soil chemical properties and bulk density were incorporated into the model as a 
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strip-split plot design (2-factor factorial) with treatment and depth as fixed effects, and 
block, block*treatment and block*depth as random effects; the interaction between the 
factors was initially tested, and a set of orthogonal contrasts (CONTRAST statement) 
were used apart from the ANOVA test to partition the interaction terms. If no significant 
interaction was found, the main effects of each treatment were reported. Where the 
interaction between the factors was found to be significant, the performance of each of 
the treatments for the variables studied were reported for each of the soil layers.  
2.4. Results  
A summary of all the results for sites A, B, C and D are presented in Tables 2.19 
and 2.20. Results observed varied depending on initial soil properties in each of the fields 
where research was conducted, manure characteristics and crop management strategies. 
2.4.1. Site A 
Soil chemical properties 
The effect of the treatment*depth interaction on nitrate-N concentration at site A 
was significant (p≤0.05) (Table 2.21). In the 0-10 cm soil layer, plots that received CM 
had a significantly higher concentration of nitrates than what was present in soil receiving 
any of the other treatments. Soil nitrate-N concentrations in plots receiving CM were 
38% greater than those in CON. Soil in CMWB and WB plots did not differ from the 
control (p>0.05). In the deeper soil layers, no significant differences were observed 
among treatments (Figure 2.9).   
Soil phosphorous concentration was also significantly impacted by treatment at 
site A (p≤0.05). In the 0-10 cm soil layer, the application of WB, CM and CMWB 
significantly increased the concentration of soil P when compared to CON (108, 81 and 
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58% higher, respectively). Available potassium (K) concentrations in the soil did not 
differ among treatments (p>0.05).  
A treatment effect on soil pH was observed in both soil layers tested (0-10 and 
10-20 cm), with no significant treatment*depth interaction. CM application produced a 
mean soil pH of 5.9, significantly lower than CMWB (6.2) (p≤0.05), but not significantly 
different from WB (6.0) or CON plots (6.1) (p>0.05).  
Soil organic matter (SOM), electrical conductivity (EC), cation exchange capacity 
(CEC), calcium (Ca), sodium (Na), and sulfate (SO4-S) concentrations did not differ 
significantly among treatments. However, magnesium (Mg) concentration was 25% 
greater in CMWB plots than in CM plots. Additionally, SOM concentration was 
significantly greater in the 0-10 cm soil layer than the 10-20 cm layer across all 
treatments, while Ca, Mg, and Na concentrations were greater in the 10-20 cm layer than 
the 0-10 cm layer across all treatments (p≤0.05). 
Soil physical properties 
No significant differences were observed in the mean weight diameter of soil 
aggregates due to treatment application, with means of 2.89, 2.78, 2.72 and 2.82 mm for 
CMWB, WB, CM and CON treatments, respectively (Table 2.22). The proportion of 
water stable macro-aggregates ranged between 83.6% and 84.6% for all treatments, and 
demonstrated no differences between treatments (p>0.05). Bulk density did not 
significantly differ among treatments, but it was different for the two depths across all 
treatments (p≤0.05); mean bulk density was 1.36 g cm-3 in the 0-10 cm layer and 1.52 g 
cm-3 in the 10-20 cm layer.  
Crop yield 
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Corn yield did not vary significantly among treatments (p>0.05) (Table 2.22).  
2.4.2. Site B 
Soil chemical properties 
SOM concentration did not differ among treatments for the soil layers analyzed 
(0-10 and 10-20 cm) (Table 2.23). Likewise, soil nitrate-N concentration did not differ 
among treatments for any of the soil layers evaluated. Although not significant, soil from 
CS and CSWB treatments contained the highest concentrations of nitrate-N in the top soil 
layers (0-10 and 10-20 cm). No significant differences were observed in the layers from 
20 to 51 and 51 to 91 cm neither (Figure 2.9).   
Soil available P was not affected by treatment in site B. However, soil K was 
impacted. Soil in CSWB and CS showed significantly higher levels of potassium (188.8 
ppm and 226.4 ppm, respectively), than soil in control plots (138.6 ppm). However, soil 
K concentrations did not differ between the CSWB and CS treatments (p>0.05). For both 
the 0 to 10 and 10 to 20 cm soil layers, Ca concentrations were greater under the CSWB 
and CS treatments than the CON treatment (p≤0.05). Soil Mg concentrations varied by 
treatment*soil layer, with the CS and CSWB treatments having greater soil Mg 
concentrations than the CON treatment at the 0 to 10 cm depth. From 10 to 20 cm, only 
the CS treatment experienced a significantly greater Mg concentration than the CON 
treatment. Sodium and sulfur concentrations did not differ among treatments (p>0.05).  
A significant treatment*depth interaction for EC was demonstrated at site B. For 
the 0-10 cm layer, the CS treatment resulted in greater EC values compared to the CON 
treatment (p≤0.05), though no difference was observed for CS compared to CSWB. For 
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the 10-20 cm layer, EC was not significantly different among any of the treatments. Soil 
CEC was not impacted by any of the treatments.   
Soil pH differed among treatments for the 0 to 10 cm soil layer with the CSWB 
and CS treatments having higher pH (6.13 and 5.98, respectively) than the CON 
treatment (pH = 5.68).   
Soil physical properties 
Water sorptivity, soil bulk density and aggregate mean weight diameter were not 
affected by the CS or WB treatments compared to the CON treatment (Table 2.24). 
However, the proportion of water stable macro-aggregates in the first 5 cm of the soil 
profile was impacted by treatment. The CSWB and CS treatments yielded significantly 
greater proportions of water-stable macro-aggregates compared to the CON treatment 
(45.9 and 43.6%, respectively, for CSWB and CS, compared to 27% for CON). 
Crop yield 
Corn yield did not vary significantly among treatments (p>0.05) (Table 2.24).  
2.4.3. Site C 
Soil chemical properties 
SOM concentration increased significantly in the top soil layer (0-10 cm) among 
treatments that included manure (Table 2.25). Mean SOM concentrations for CMWB and 
CM treatments were 17 and 16% greater, respectively, compared to CON. However, the 
WB treatment had no impact on SOM concentration compared to CON.  
Soil nitrate-N concentrations differed among treatments that included manure for 
the 0-10 and 51-91 cm soil layers. For the 0-10 cm layer, mean nitrate-N concentrations 
for CMWB and CM were 4 ppm greater than for CON (p≤0.05). For the 51-91 cm soil 
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layer, mean nitrate-N concentration was greatest for CM plots. However, no differences 
in soil nitrate-N concentrations were identified among treatments for the 10-20 and 20-51 
cm layers (p>0.05) (Figure 2.10).  
Soil available P and K concentrations were significantly greater among treatments 
that included cattle manure compared to WB and CON (p≤0.05). Available S 
concentration also varied among treatments, though not in the same way as P and K. 
CMWB was the only treatment with significantly greater concentrations of soil S 
compared to CON, and significantly lower S concentrations were present in soil samples 
from WB plots compared to those receiving cattle manure (CM and CMWB).  
EC was affected in the first soil layer (0-10 cm) by the application of the 
amendments containing cattle manure with mean EC being greater for CM and CMWB 
compared to CON and WB (p≤0.05). Similarly, mean soil pH was greater among CMWB 
and CM treatments compared to CON (p≤0.05). However, CMWB and WB treatments 
did not differ. Neither CEC nor soil Ca concentrations were affected by treatment at this 
site. 
Soil physical properties  
Aggregates mean weight diameter, proportion of water-stable macro aggregates 
and bulk density were not impacted by any of the treatments (p>0.05) (Table 2.26). 
However, significant differences were found for sorptivity. Mean sorptivity for CMWB 
and WB treatments were 69 and 52% greater than CON, respectively. Mean sorptivity for 
the CM treatment did not differ from either CON or WB (p>0.05).  
Crop yield 
Corn yield did not significantly vary between treatments (p>0.05) (Table 2.26).  
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2.4.4. Site D 
Soil chemical properties 
Differences in SOM concentration among treatments were observed (p≤0.01). 
Compared to CON, the mean SOM concentrations for CC, CM, and CMCC treatments 
were 17, 27, and 32% greater in the 0-10 cm layer, respectively (Table 2.27). The next 
soil layer (10-20 cm) was not impacted by any of the treatments. 
EC and CEC were not affected by treatments (p>0.05). However, soil pH differed 
among treatments. For the first soil layer (0-10 cm), mean soil pH for CMCC was 
significantly higher than for CON. Likewise, mean soil pH under CC was significantly 
higher than for CM, though not different from CON. For the second soil layer (10-20 
cm), mean pH for the CMCC treatment was greater than for the CC and CM treatments, 
albeit not different from CON.  
Nitrate-N concentrations in soil from 0 to 10 cm were different (p≤0.01) among 
treatments that included cattle manure (CMCC and CM) compared to CON and CC 
treatments. Mean nitrate-N concentrations for CMCC and CM were 3.1 and 3.2 times 
greater, respectively, than for CON and were also significantly greater than CC (Figure 
2.11). No differences among treatments were identified at deeper soil layers. Similarly to 
nitrate-N, mean soil P concentrations under the CMCC and CM treatments were 5.9 
times greater than the mean concentration under the CON treatment, and 3.1 times 
greater than for the CC treatment (p≤0.01). Sulfate-S concentrations were also impacted 
by treatments in the 0-10 cm soil layer. The CMCC and CC treatments yielded 
significantly higher concentrations of soil available S compared to the CON treatment. 
Mean soil available S concentrations for the CC and CM treatments were not 
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significantly different from CON. Available K, Ca, Mg and Na levels were not impacted 
differently by treatments.  
Soil physical properties 
Bulk density in the 0-5 cm soil layer was the only soil physical property affected 
by treatments (Table 2.28). Mean bulk density for the CON treatment was greater than all 
other treatments at 1.66 g cm-3, while bulk density under the CMCC and CC treatments 
were 10 and 7% lower than CON (p≤0.01). The CM treatment was not different from 
CON or CC. No differences in bulk density were observed among treatments in the 5-10 
cm soil layer. 
Aggregates mean weight diameter ranged from 0.52 to 0.85 mm, with no 
significant differences among treatments. Percentage of water-stable macro-aggregates 
ranged from 19 to 25%, though no differences between treatments were observed.  
Crop yield 
Application of CC significantly decreased crop yield, with a 16% lower yield 
compared to CON, equal to a nearly 2 Mg ha-1 yield loss (Table 2.28). Mean corn yield 
under CMCC and CM treatments did not differ from CON (p>0.05). 
2.5. Discussion 
In general, treatments application significantly affected several soil chemical 
properties, but had minor effects on soil physical properties. However, significant 
differences between treatments depend on multiple factors.  
2.5.1. Soil chemical properties 
Soil Organic Matter 
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In this study, SOM concentration increased in the 0-10 cm soil layer following a 
single application of beef cattle feedlot manure at sites C and D, or of coal char at site D, 
but did not increase due to the application of woody biomass at any site or with beef 
cattle slurry at site B. At site C, cattle manure application significantly increased soil 
organic matter concentration in the 0-10 cm layer compared to CON (p≤0.05) whether 
applied alone (CM) or with woody biomass (CMWB) while the WB treatment had no 
effect on SOM concentration compared to CON (Table 2.25) (Figure 2.13). Both manure 
(CM) and coal char (CC) increased the mean SOM concentrations at site D (p≤0.01) 
(Table 2.27) (Figure 2.14). Additionally, although not significant at the α = 0.05 level, a 
higher mean SOM concentration with cattle slurry application was observed at site B for 
the CS treatment (Table 2.23).  
The impact of the treatments on SOM concentration may be explained by 
reviewing the initial chemical properties of the soils where research was conducted and 
the chemical and physical properties of the amendments applied. Several factors may 
impact the rate at which an organic soil amendment, such as manure, alters the 
concentrations of SOM and soil organic carbon (SOC), including climate, soil texture, 
initial SOC concentration, land use, type of manure or organic amendment, carbon-to-
nitrogen ratio (C:N) of the amendment, and the time, method and rate of manure 
application (Diacono and Montemurro, 2011; Maillard and Angers, 2014; Schott and 
Schmidt, 2017). Several studies have reported increases in SOM concentration following 
the application of manure (Bhattacharyya et al., 2007; Cai et al., 2019; Douglas, 2003; 
Eghball, 2002; Haynes and Naidu, 1998; Manna et al., 2005; Menšík et al., 2018; Schott 
and Schmidt, 2017; Xia et al., 2017; Zhao et al., 2009). However, most previous work 
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has reported increased SOM concentration only after repeated long-term applications of 
organic amendments, not as the result of a single application of manure, as was the case 
in this study for two of the research sites.  
One potential explanation for the results of this research may be found in the 
initial soil quality of the fields where significant increases in SOM concentration were 
observed with a single application of manure. Sites C and D (where differences between 
treatments were detected) had much lower initial SOM concentrations compared to site A 
and B (1.4 and 1.6% for the 0-10 cm soil layer, respectively, compared to 3.0% at site A 
and 2.0% at site B), which can play an important role in the potential for improvement in 
SOM concentration when adding amendments to the system. Lee et al. (2007) observed 
that SOC concentration increased more quickly in soil layers with lower initial levels of 
SOC. Similarly, Dersch and Böhm (2001) found that over a multi-year experiment, SOC 
concentration increased more readily when applying manure to a loamy-sand soil with 
low initial C concentration, compared to other soil types with higher baseline 
concentrations of C. Furthermore, Eghball (1999) also indicated that fields having low 
SOM concentration or heavily eroded soils benefitted more from the C in applied manure 
than from the nutrients. Although soil health benefits from single manure applications 
have not been extensively reported, Mohamed and Hammam (2019) described significant 
increases in SOC concentration in a sandy soil with a single application of poultry 
manure at rate of 20 Mg ha-1, in combination with inorganic N. 
Alternatively, in an experiment conducted in the Nebraska sand hills with similar 
soil and climate conditions to those in site C, no significant increase in SOM was 
observed until after two consecutive applications of cattle manure co-mingled with 
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woody biomass (Schott, 2018). However, the application rate of manure used by Schott 
(2018) was most likely smaller than the rate applied in this research, since total 
application rate for the amendment in that experiment was 52.1±26 Mg ha-1, but just 50% 
of the total volume corresponded to manure. The presence or absence of manure appears 
to be the principal cause of the SOM concentration changes observed in soil from site C; 
thus, a lower manure application rate may have delayed the effects in the previous study. 
Another possible explanation for the increased SOM concentration observed in 
this study after a single manure application may be related to the characteristics of the 
manure applied. As previously described, manure type, carbon content, and C:N ratio can 
influence the degree of impact on SOM. Previous research reported more substantial 
changes in SOC concentration with the application of solid beef manure compared to 
cattle slurry (Bertora et al., 2009; Grignani et al., 2007; Monaco et al., 2008), which was 
observed in the present study. This difference can be attributed to the presence of more 
stabilized C compounds in solid beef manure compared to cattle slurry, that have more 
potential to induce changes in SOM when land-applied (Bertora et al., 2009).  
A review conducted by Maillard and Angers (2014) indicates that more than half 
of the variability in SOC concentration between manured and non-manured soils could be 
explained by the cumulative manure-C input. However, this does not seem to align with 
the results of our study since the highest C-input was attributed to the application at Site 
A (Table 2.16) where no differences in SOM concentration were found among the 
treatments. Beyond the net carbon amount provided with the application of manure, the 
characteristics of the carbon in the amendment may also affect the final SOM 
concentration. In comparing C:N ratios of manure applied at sites C and D (where 
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increases in SOM concentration were documented) with site A (where SOM 
concentration was not impacted), sites C and D were treated with manure having a C:N of 
11.6 and 9.6, respectively, while site A was treated with manure having a C:N of 13.3. 
Lower C:N ratios suggest a greater degree of decomposition of the amendments used on 
sites C and D (less total carbon), accumulation of more stable carbon fractions, and 
production of humic compounds that are less likely to be lost to soil respiration when 
they are added to the soil (Grignani et al., 2007; Haynes and Naidu, 1998; Larney et al., 
2006; Miller et al., 2018).  
No differences in SOM concentrations were observed following a single 
application of woody biomass alone (22.4 and 26.9 Mg ha-1, wet weight, and C:N ratios 
ranging from 67 to 122), in any of the three sites (A, B and C) where this treatment was 
tested. Potential explanations for these results may be associated with the time since the 
application, the number of applications, the chemical composition of the woody biomass 
(closely connected to the former points), and the application method (surface 
broadcasted).   
While multiple studies have reported increases in SOM concentration with the 
application of woody-residue mulches, most of them documented differences after 
several years since the application, or with multiple consecutive applications (Mulumba 
and Lal, 2008; N’dayegamiye and Angers, 1993). A previous study conducted in a silt 
loam soil did not yield any effects on SOM concentration during three years of 
monitoring following a single surface application of a 5-cm-thick layer of woody biomass 
(Tiquia et al., 2002). The same study showed significant effects on SOM concentration 
three years following a single application of composted yard waste (lower C:N ratio). 
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Similarly, one year after a single surface application of woody biomass (1.57 kg m-2, C:N 
ratio of 80) in two hardwood plantations in subtropical Australia, Huang et al. (2008) did 
not find any differences in soil total carbon concentration. Interestingly, a single 
application of pecan woodchips (C:N ration of 143) incorporated into a clay loam soil 
and followed by an application of inorganic N fertilizer did not produce differences in 
SOM concentration within three years following the application, but significant 
differences were noted one year following the second of two annual applications and 
incorporations of pecan woody biomass (Tahboub et al., 2008). Impact of cedar mulches 
was found in a 2-site replicated study only after two consecutive annual surface 
applications of the mulch (Schott, 2018). In the present study, woody biomass laying on 
the soil surface most likely experienced low decomposition levels between the 
application and the soil sampling time, which may explain its low impact on SOM 
concentration (Figure 2.12). Therefore, multiple applications and/or longer periods of 
time following a single application may be needed before differences in SOM 
concentration can be detected with the application of woody biomass. When applying 
high C:N ratio amendments to soil, increases in SOM can be attributed to high 
concentrations of recalcitrant (not easily decomposable) components, such as lignin and 
other polyphenols, if present. While these chemicals can contribute more substantially to 
an increase in SOM concentration than other less stable substances (e.g., proteins, 
polysaccharides), they require longer periods of time to generate a change because of 
their slower decomposition rates and small effects on microbial biomass (N’dayegamiye 
and Angers, 1993; Tahboub et al., 2008). Lastly, while application via surface broadcast 
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or incorporation was not a factor considered in this study, the potential of woody biomass 
to increase SOM concentration appears to increase with incorporation (Li et al., 2018). 
The impact on soil properties of coal combustion by-products used as soil 
amendments may vary according to the parent coal material, combustion conditions, 
storage and handling procedures, climate, original properties of the soil where they are 
applied, and the product characteristics (Basu et al., 2009; Tarkaslon et al., 2010). Coal 
char application at site D increased SOM concentration compared to CON, whether 
applied alone or comingled with manure (p≤0.01) (Table 2.27). This effect is likely the 
result of recalcitrant carbon in the coal char remaining after incomplete combustion of 
coal that was not significantly altered during the cropping season by microbial activity; 
the small size of the char particles may have contributed to this effect, as well. Bulmer et 
al. (2007) found that, when applying similar amounts of C through amendments with 
different particle sizes, those dominated by small particles (less than 2 mm) yielded 
significantly higher concentrations of SOC. This may also partially explain why manure 
and coal ash applied alone or in combination produced significant changes in SOM 
concentration at some of the sites after a single application, while woody biomass did not, 
as the particle sizes in manure and coal ash are smaller than the woody biomass particles. 
A significant increase in SOC was observed after a short period of time, when 
applying 50 Mg ha-1 of fly ash in combination with 50 Mg ha-1 of manure in a sandy loam 
soil (Singh et al., 2011). Other studies have also demonstrated increased SOC 
concentrations in agricultural soils following biochar applications (Laird et al., 2010), 
though amendments used in those studies contained higher C content than coal char. 
Soil pH 
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Soil pH was significantly affected by the application of organic amendments 
(solid cattle manure, cattle slurry, and coal char) at all of the study sites. For sites B, C 
and D, a significant treatment*depth interaction existed. Looking at the simple effects of 
the treatments for each of the soil layers under the study (0-10 cm and 10-20 cm), 
significant differences were observed only for the top soil layer in sites B and C, and for 
both layers in site D (Figure 2.15). Treatments equally affected both of these soil layers at 
site A, since there was no significant treatment*depth interaction (Table 2.21). 
Manure and coal char seems to be impacting soil pH, but not woody biomass. The 
effect of manure and coal char on soil pH may be attributed to the chemical properties of 
the amendments, and the initial properties of the soil where they were applied. 
At sites B and C, where cattle slurry and cattle manure were applied, respectively, 
a significantly higher soil pH was observed for both manure types compared to CON. 
However, manure did not produce significant differences in soil pH compared to CON at 
sites A and D. The effect of manure on soil pH depends on multiple variables, including 
the manure chemical properties and the initial pH and buffering capacity of the soil 
receiving the manure, the latter of which is mainly associated with the soil texture and the 
initial SOM concentration (Diacono and Montemurro, 2011; Schott, 2018). Similarly to 
what was observed in the current study, increased soil pH following one and two annual 
applications of cattle manure co-mingled with woody biomass was found in previous 
studies in the Nebraska sand hills (Schott, 2018). Eghball (2002) also documented a 
slight increase or stability in topsoil pH after a single manure or compost application. 
Equal effects were also reported by Menšík et al. (2018) where manure and cattle slurry 
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increased soil pH in a multi-year study compared to plots where inorganic fertilizer was 
added.  
Multiples studies have demonstrated a soil liming effect by manure (Cai et al., 
2019; Eghball, 1999; Whalen et al., 2000). One reason for an increase in soil pH with the 
application of cattle manure is likely due to calcium carbonate that is often included in 
the feed rations and partially excreted by the animals (Eghball, 1999). The buffering 
capacity of manure has also been attributed to bicarbonates and organic acids present in it 
(Whalen et al., 2000). When applied along with inorganic fertilizers, manure can offset 
their soil acidifying effect (Menšík et al., 2018). In a study of long-term pig manure 
applications conducted by Cai et al. (2019), 76% of the increment in soil pH observed 
during the study were attributable to the manure.  
The lowest initial values for CEC among the sites in this study were at sites B and 
C (7.4 me 100g -1 and 5.7 me 100g -1, respectively). Lower CEC equates to less buffering 
capacity against pH changes, which may explain the more pronounced changes in pH that 
were recorded at these sites (Wright et al., 1998). 
At those sites where differences in pH were not observed, the initial high pH at 
site D (7.6 for 0-10 cm soil layer) and the silt loam soil texture at site A (more buffering 
capacity that soils with coarse-texture) may explain why manure did not significantly 
impact soil pH. These findings agree with other studies which showed no effects of 
manure applications on soil pH (Forge et al., 2016).  
The application of woody biomass on its own did not affect pH compared to CON 
at sites A and C. While the CMWB treatment did not impact pH compared to the CON 
treatment at site A, it did significantly increase pH compared to CON at sites B (CSWB) 
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and C (CMWB). However, because pH under the CMWB treatment did not differ from 
that under the CM treatment, it is not feasible to attribute the pH change to the 
application of woody biomass. Although increased soil pH with woody biomass 
application has been observed in a previous study, multiple applications were required 
(Schott, 2018). The likely low decomposition levels of woody biomass during the time-
frame of this study may have limited the effect of this amendment on soil chemical 
properties, including soil pH.  
Although application of cattle manure and coal char individually did not 
significantly change soil pH compared to control in site D, the combination of both 
(CMCC) did show significantly greater pH than CON (p≤0.01). Similar results were 
reported by Rautaray et al. (2003) in a two-year study in which soil pH increased with 
application of a combination of fly ash, organic wastes and inorganic fertilizer versus 
inorganic fertilizer alone. These changes were attributed to the addition of basic cations 
with the application of the amendments. Similarly, a research study conducted in a sandy 
loam soil in Nebraska documented effective liming properties for surface-applied fly ash, 
with an impact noted in the 0-10 cm soil layer one year after application and in the 10-20 
cm soil layer four years post-application (Tarkaslon et al., 2010).  
Cation Exchange Capacity 
For this study, none of the amendments (CM, WB, CMWB, CS, CSWB, CC, and 
CMCC) affected CEC in any of the research sites after a single application (Tables 2.21, 
2.23, 2.25 and 2.27). Larger inputs of more stable C may be needed in order to increase 
CEC with the application of organic amendments. 
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Cation exchange capacity corresponds to the amount of negative charges in clay 
and organic matter to hold cations on the soil particle surfaces and is closely related to the 
capacity of the soil to retain nutrients for plant use. Since SOM is one of the factors 
affecting CEC, best management practices that increase SOM and SOC should also 
promote changes in CEC. Although significant increases in SOM were observed in sites 
C and D with the application of cattle manure and coal char, no differences were found 
between treatments for CEC. While studies have reported both increases and no effect of 
manure applications on CEC (Schott and Schmidt, 2017), multiple investigations have 
also reported no differences in CEC with the application of manure, woody biomass and 
other organic amendments in a short-term period (Miller et al., 2018; Schott, 2018; 
Whalen et al., 2000). Increases in CEC with high-C amendment inputs seems to be 
closely related to the quantity and quality of the amendments. More stable and 
recalcitrant components in the amendments, as well as multiple applications over longer 
periods of time (larger carbon inputs), that lead to a consistent increase in the stable 
fraction of SOC seem to increase the impact of the amendments on CEC (Miller et al., 
2018). Consequently, multiple applications of organic amendments may be needed to 
promote significant differences in CEC. The short-term nature of the present study may 
have limited the detection of differences between treatments for CEC. 
Soil Electrical Conductivity 
Soil electrical conductivity (EC) is an indicator of the amount of salts in the soil 
solution (salinity of the soil) and is a relevant indicator of soil health (Lund et al., 2008). 
EC values have been correlated to concentrations of NO3-N, K, Na, chloride (Cl), sulfate 
(SO4) and ammonia (NH3) and it is affected by multiple soil inherent factors, like soil 
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minerals and texture, as well as climate. However, different management practices, like 
application of soil amendments, can also affect EC. 
Significant treatment*depth interactions were observed at all study sites for soil 
electrical conductivity (EC) (Tables 2.21, 2.23, 2.25 and 2.27). However, differences 
among treatments for the top soil layer (0-10 cm) were recorded only at sites B and C 
(p≤0.05) where the application of liquid or solid manure (CS or CM) significantly 
increased EC compared to CON. However, CM and CS impacts on EC did not differ 
from CMWB or CSWB (p>0.05) and WB alone did not affect EC in any of the sites 
where it was tested (sites A and C). CSWB did not differ from CON in its effect on EC 
(site B). EC was significantly higher under CMWB than CON at site C, but not different 
from CM. Therefore, the effect of woody biomass in EC seems to be null. Although not 
significant, in site D CM yielded the highest mean EC value. Coal char did not 
significantly affect EC alone or in combination with cattle manure when measured at the 
end of the cropping season (site D). Therefore, the changes observed in EC for soil 
samples taken after crop harvest at sites B and C can likely be attributed to the 
application of cattle slurry and solid cattle manure.  
In general, applications of animal manure at high rates have been shown to 
increase soil salinity (Eghball, 2002; Haynes and Naidu, 1998). The results from the 
current study agree with multiple published studies. Miller et al. (2005) identified 
increases in EC with the application of manure to a clay loam soil in a three-year study. A 
similar study that tested combinations of woody biomass and either cattle or swine 
manure found that both treatment combinations increased EC compared to the control 
treatment after three annual applications (Schott, 2018); however, applications of woody 
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biomass alone, with and without additions of liquid nitrogen, did not generate any 
significant changes when contrasted with control. Forge et al. (2016) also found increases 
in EC with the application and incorporation of poultry litter and compost in a sandy 
loam soil after a short period of time.  
It is worth noting that mean EC values measured in manured plots for the 0-10 cm 
soil layer in the present study (i.e. 0.22 mmho cm-1 for site B and 0.13 mmho cm-1 for site 
C), are below what would be considered a slightly-saline soil (EC greater than 2 mmho 
cm-1) (USDA, 2011). In comparison with the initial EC measurements for both sites (0.09 
mmho cm-1 for site B and 0.05 mmho cm-1 for site C), multiple manure applications 
would be needed for the soil to exhibit concerning EC levels, assuming a steady EC-
increase rate and no effect from other environmental factors. Because EC can be affected 
by seasonal changes (Forge et al., 2016), values measured after harvest in this study may 
change significantly before the next cropping season. 
Soil NO3-N Concentration 
In this study, significant treatment*depth interactions were found in all research 
sites for nitrate-N (Tables 2.21, 2.23, 2.25 and 2.27). However, significant differences 
among the treatments were only observed in the top soil layer (0-10 cm) for sites A, C 
and D (p≤0.05). No significant differences among treatments were observed in deeper 
soil layers (10-20 cm, 20-51 cm and 51-91 cm), except for site C, where the deepest layer 
tested presented variances between amended and non-amended plots (p≤0.05). It is 
relevant to note that all plots in all research sites were approximately balanced for N 
supplied via organic and inorganic sources, except for site C, where plots receiving solid 
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cattle manure (CM and CMWB), received an extra 38.6 kg ha-1 of plant-available N 
(Tables 2.13 and 2.14) compared to CON and WB.  
In general, treatments including solid cattle manure applications (CM, CMWB, 
CMCC) yielded a significantly greater concentration of NO3-N in the top soil layer 
compared to the rest of the treatments in the study. This difference was not persistent in 
deeper soil layers (10 to 20, 20 to 51, and 51 to 91 cm). Partial replacement of pre-plant 
inorganic-N with manure application did not seem to decrease the concentration of NO3-
N in deeper soil layers at the stage of the cropping season during which this factor was 
measured (post-harvest). For site C, differences in NO3-N concentration in the top soil 
layer could be partially attributed to the greater amounts of N supplied to the CM and 
CMWB treatments. However, this is not the scenario for sites A and D. Higher 
mineralization rates than those used to estimate the first year availability of solid beef 
cattle manure, along with the natural delayed supply of NO3-N from manure compared to 
inorganic fertilizer, may have all contributed to these observations. 
When assessing N dynamics in amended soils, it is important to highlight that the 
influence of manure applications on soil inorganic nitrogen concentrations can be 
affected by multiple factors, including manure type and climate conditions (Miller et al., 
2010). Previous studies have reported both increases and no differences in NO3-N 
concentration in top soil layers when comparing application of animal manures and 
inorganic fertilizer at similar levels of plant-available N. However, increments in 
available nitrogen in soil with applications of manure seem to be associated with 
medium- and long-term additions, and not with short-term effects like what was found in 
the current study. In general, progressive accumulation of organic matter and organic N 
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in the top soil layers after multiple manure applications would increase the mineralization 
of nitrogen, and thus, the supply of NO3-N to the soil solution. For instance, a medium-
term research study where the same concentrations of N, P and K were applied to plots 
through different combinations of inorganic fertilizer and composted cattle manure 
generated an increase in the total soil N accumulated at the end of the experiment with 
increasing application rates for the amendment (Guo et al., 2016). Similar conclusions 
are supported by other studies (Dhaliwal et al., 2019; Douglas, 2003; Miller et al., 2010).  
Conversely, in a short-term study, Eghball (2002) found higher NO3-N 
concentrations at the end of the cropping season for plots in a silty clay loam soil 
receiving inorganic fertilizer compared to plots receiving manure and compost 
applications. In the same study, all plots received equal plant-available N quantities from 
either organic or inorganic sources based upon crop N removal. Similarly, a short-term 
study conducted in a silty clay loam soil in South Dakota revealed significantly higher 
concentrations of soil surface NO3-N at the end of the cropping season with the 
application of urea in comparison to manured plots (with same plant-available N) or non-
fertilized plots (Mehata et al., 2019). Similar results for contrasted manure and urea 
applications were reported by other studies (Paul and Beauchamp, 1993; Xie and 
MacKenzie, 1986). No consistent effect from surface applications of swine and cattle 
manure mixed with woody biomass was found in the soil nitrate-N concentration for top 
layers in the profile of a sandy soil throughout a recent three-year study (Schott, 2018). 
Consequently, other factors might have contributed to the differences among manured 
plots and plots fertilized with inorganic sources at the same level of plant available N in 
the current study.  
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A potential explanation for the higher NO3-N concentration observed for CM, 
CMWB, and CMCC treatments could be higher mineralization rates for the organic-N 
present in solid manure than those used for the calculation of plant-available N when 
computing the nutrient balance among plots. N-mineralization rates are highly affected 
by multiple environmental factors that may change from year to year (Eghball, 2002). 
The organic-N mineralization rate utilized in this study for solid beef cattle manure 
during the first year after application was 25%. Other authors have reported using larger 
mineralization factors in their studies. Approximately 35 to 50% of the organic N in 
manure and biosolids may become available in the first year following application 
according to previous findings (Schott and Schmidt, 2017). Specific research studies 
conducted in Nebraska in the past have considered values of 40% (Eghball, 2002) and 
30% (Eghball et al., 2002). Therefore, higher rates of organic-N mineralization than those 
initially considered may have generated more plant-available N throughout the cropping 
season, and at the end of it, when the soil samples were taken. For example, if a 40 % 
mineralization rate for organic N from solid beef cattle manure during the first cropping 
season would have been considered instead of 25 %, 63.1, 23.1 and 52.1 kg ha-1 of extra 
N would have been available in manured plots for sites A, C and D, respectively.  
Other important considerations to emphasize are that manure offers a delayed 
nitrification compared to inorganic sources (Xia et al., 2017; Xie and MacKenzie, 1986) 
and part of the organic-N mineralization is expected to occur in subsequent years after the 
application. Therefore, we can assume that there is an approximately continuous 
mineralization of organic-N in manure since the application time, with peaks when 
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environmental conditions are more favorable for microbial activity. These elements may 
also explain part of the findings in the current study.  
Further research on factors affecting the mineralization of organic nitrogen in 
manure, how the NO3-N supply becomes available throughout the cropping season and 
following years according to manure and soil type, and how they are all interacting with 
the dynamic crop needs and environmental losses (volatilization and leaching), may be 
warranted. 
Woody biomass alone or combined with manure did not appear to affect soil 
NO3-N concentration in any of the sites when measured at the end of the cropping season, 
except for site A. Our results are in agreement with previous work documenting no effect 
of surface application of woody biomass over soil NO3-N concentration (Schott, 2018). 
These results support the findings of the current study for surface application of woody 
biomass with no incorporation. For site C, no differences were observed between CON 
and WB, and for site B, no significant differences were found between CS and CSWB. 
Both cases support the fact that surface application of woody biomass did not immobilize 
N. However, in site A, where woody biomass was incorporated after harvest, but prior to 
soil sampling, nitrate concentrations were lower in CMWB compared to CM (p≤0.05). 
This indicates that extra carbon in the top soil layers provided by the woody biomass may 
have induced microbial immobilization of N and decreased the N mineralization rates. In 
a previous study, soil nitrate concentrations were reduced with the application and 
incorporation of manure mixed with woodchips as bedding material in the pen surface, 
compared to those concentrations exhibited with application and incorporation of manure 
mixed with wheat straw (Miller et al., 2010). Soil nitrate concentrations were also 
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reduced in another study with application and incorporation of almond woodchips (Holtz 
et al., 2004).  
Coal char application did not produce significant differences in soil NO3-N 
concentration at the end of the cropping season compared to the control in this study. 
Furthermore, no differences were found between CMCC and CM, potentially indicating 
that the extra carbon supplied via coal char is not promoting any microbial 
immobilization of N at this specific stage of the cropping season. 
Soil Phosphorous Concentration 
Significant treatment*depth interactions were found in three of the research sites 
for available-P concentrations in the top soil layers. However, similarly to what was 
observed for nitrate-N, significant differences among treatments were only found in the 
0-10 cm soil layer. The supply of phosphorus via organic and inorganic sources was 
approximately balanced between plots only at site B (Table 2.12). At sites A, C and D, 
plots receiving dry cattle manure had an extra 111.1, 100.2 and 358.3 kg of P2O5 ha
-1, 
respectively (Tables 2.11, 2.13, 2.14 and 2.15). In general, manure supplied P for plant 
growth according to previous estimations and caused an increase in soil P concentrations 
in those sites where larger amounts were provided. 
Soil plant-available P concentrations did not significantly differ among treatments 
for site B, where P supply was nearly balanced among treatments. This result supports the 
indication that the P supplied by manure was equitable to that coming from inorganic 
fertilizer and became available according to the first-year availability factors utilized in 
the estimations (70% availability from total P reported in manure analysis). In this 
particular case, manure contributed approximately 50% of the total P applied to the crop 
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during the season, and average P concentrations were 35, 47 and 37 ppm for CSWB, CS, 
and CON, respectively.  
Among sites A, C and D, treatments encompassing the application of cattle 
manure (CM, CMWB, CMCC) significantly increased the amount of P in the 0-10 cm 
soil layer compared to CON (Tables 2.21, 2.25, 2.27). The largest differences among 
treatments were found in site D, where CM and CMCC had 5.9 times more P in the 0-10 
cm soil layer than CON. This result is supported by the fact that a larger amount of P was 
applied with manure at site D compared to other study sites. The results agree with 
findings from Eghball and Power (1999) who reported a similar increase in available P in 
the top soil layer with nitrogen based-manure applications, and indicated the existence of 
a direct relationship between the amount of P applied with the manure and available P in 
the soil. Miller et al. (2010) also reported increasing concentrations of soil P with 
incremental manure and compost application rates. Multiple studies have documented 
soil P enrichment with applications of manure to supply specific nitrogen needs in crops 
due to the imbalance between the P and N content in manure (Douglas, 2003).  Higher 
concentrations of P in the soil may constitute a reservoir of the nutrient for future crop 
uptake; however, it may also be transported with soil erosion and runoff to surface waters 
and contribute to other environmental concerns, like eutrophication (Koelsch, 2001). 
Soil Potassium Concentration 
Significant treatment*depth interaction for soil available K was only evident at 
site B, meaning that treatments equally affected both of the top soil layers (0-10 cm and 
10-20 cm) for most of the sites. This can be explained by the high mobility of potassium 
in soils. The supply of K via organic and inorganic sources throughout the cropping 
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season was not balanced in any of the research sites. However, significant differences 
among treatments were only found for sites B and C. In site B, the application of cattle 
slurry (CS and CSWB) resulted in higher concentrations of soil available K for the 0-10 
cm layer compared to CON (p≤0.05) (Table 2.23). Similarly, in site C, CM and CMWB 
significantly increased the available K in both soil layers (Table 2.25). Previous studies 
have reported K enrichment of top soil layers with short- (Schott, 2018), medium- and 
long-term applications of manure (Douglas, 2003; Miller et al., 2004). Although more 
total K was applied in those plots receiving manure compared to CON plots, for sites A 
and D, no significantly greater soil K concentrations were found for those treatments.  
Soil Sulfur Concentration  
Significant treatment*depth interactions for S were only found in site D, where 
treatments significantly impacted the 0-10 cm layer but not the 10-20 cm layer. In the 
former, CMCC showed significantly higher S concentrations compared to CM and CON. 
The concentration of sulfate for the CC treatment was also significantly greater than for 
CON, but not greater than for CM. These results suggest that both cattle manure and coal 
char are likely contributing sulfur to the soil, which eventually is mineralized into sulfate 
(plant-available S). Average sulfur content in coal char applied at site D was 5.2 kg Mg-1. 
Considering a coal char application rate of 42.1 Mg ha-1, a total of 218.9 kg ha-1 of sulfur 
were applied with coal char to the soil, which may explain the increase in sulfate 
concentrations in the CC and CMCC treatments. Although manure also supplied sulfates 
to the soil (97.2 kg ha-1), the fact that it was a smaller amount may explain why, at the 
harvest stage of the cropping season, soil S concentrations were not significantly different 
from CON, which did not receive any S application from other sources as reported by the 
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producer. For sites A and B, no differences were observed among treatments, most likely 
due to the fact that the differences in S supplied to all plots between organic and/or 
inorganic sources was not larger than 10 kg S ha-1. Previous studies have documented 
that manure can be a reliable source of S and can replace the application of inorganic S 
for crop production (Sawyer et al., 2015). Although not the same product used at site D, 
coal fly ashes have been demonstrated to be reliable sources of S to correct S-deficient 
soils (Shaheen et al., 2014).  
Soil Calcium Concentration 
Treatments did not significantly affect soil Ca concentrations at any of the 
research sites, except at site B, where CS and CSWB had higher concentrations of Ca for 
both soil layers analyzed (p≤0.05) (Table 2.23). Previous studies documented increases in 
Ca in topsoils and subsoils with manure applications. However, this increase may take 
medium- to long-term applications (Douglas, 2003; Miller et al., 2005). This may explain 
why application of manure did not increase calcium concentrations in three of the four 
sites in this study. Increasing values of Ca with depth were observed after three annual 
applications of fresh and composted manure in a research study conducted in a silt clay 
loam soil in Canada (Miller et al., 2005), indicating the potential for this soluble salt to 
leach. A similar situation may have occurred in the current study, preventing the 
accumulation of Ca in the top layers after a single application of manure. Site B exhibited 
one of the lowest levels for initial soil Ca concentration at the beginning of the 
experiment (Table 2.4), which may partially explain the significant differences observed 
among treatments at this site.  
Soil Magnesium Concentration 
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Significant differences in Mg concentration among treatments and the control 
were found in sites B and C. For site B, CS and CSWB yielded significantly higher 
concentrations of Mg than CON in the top soil layer (p≤0.01) (Table 2.23). Similarly, in 
site C, CM and CMWB had higher Mg concentrations that CON for the same layer 
(p≤0.01) (Table 2.25). As with Ca, Edmeades (2003) reported increases in Mg 
concentrations in topsoil and subsoil with multiple manure applications. Moreover, Miller 
et al. (2005) reported significant increases in soil Mg with three applications of fresh 
manure. Sites B and C exhibited the lowest concentrations for initial Ca and Mg at the 
beginning of the experiment (Table 2.4), which may partially explain the significant 
differences observed among treatments after a single application of the amendments. 
Soil Sodium Concentration 
Sodium concentrations in soil did not differ among treatments at any of the 
research sites. Increases in Na were documented by Miller et al. (2005) after three 
applications of manure; therefore, repeated manure applications may be needed before 
increased Na concentrations are evident in soils.  
2.5.2. Soil physical properties 
Wet Soil Aggregate Stability 
Treatments did not affect mean weight diameter of soils at any of the research 
sites after a single treatment application when measured at the end of the cropping season 
(Tables 2.22, 2.24, 2.26 and 2.28). Similar results were observed for the percentage of 
water stable macroaggregates, except for at site B, where CS and CSWB produced 
significant increases compared to CON. The lack of impact from the amendments on soil 
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aggregation may be mostly related to the short-term nature of the study and the sampling 
time with respect to manure application. 
Multiple studies have shown the beneficial effects of manure applications on soil 
physical properties and aggregate stability (Dhaliwal et al., 2019; Diacono and 
Montemurro, 2011; Douglas, 2003; Schott and Schmidt, 2017). However, multiple 
factors may affect how quickly those changes occur and how long they persist. A review 
by Haynes and Naidu (1998) states that the addition of fresh manure (a source of easily 
decomposable C) generates a rapid but short-lived increase in soil aggregate stability; 
however, the addition of decomposed organic materials leads to a slower but steady 
increase in aggregate stability. In the first case, the rapid increase in aggregation would 
be attributed to exponential microbial growth due to the addition of a C source, the 
production of fungal hyphae, and the secretion of extracellular polysaccharides that help 
join together the soil particles. Conversely, the addition of well-decomposed material 
would contribute to the soil with more stable humic substances that provide this binding 
effect and last longer in the soil environment (Diacono and Montemurro, 2011; Haynes 
and Naidu, 1998). In the present study, the addition of cattle manure as a source of easily 
decomposable organic matter may have positively affected water stable aggregation in 
the soil in the time immediately following application. However, since the analyses 
reported were carried out at the end of the cropping season (9, 7, 6, and 7 months post-
application of treatments for sites A, B, C and D, respectively) any effects on soil 
aggregation may have not been sustained through the end of the season when sampling 
occurred. In a study comparing the application of feedlot manure and composted feedlot 
manure, Wortmann and Shapiro (2008) found an increase in aggregation 15 days after the 
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application of treatments. Large macroaggregates (>2 mm) represented the greatest 
portion of soil particle size change to persist throughout the seven-month duration of the 
experiment; however, this was observed only with the application of composted manure, 
not fresh manure (Wortmann and Shapiro, 2008). 
The results observed in the current study for sites A, C and D agree with previous 
findings, which did not reflect any significant differences in mean weight diameter and 
aggregates size fractions among treatments, even with three annually repeated 
applications of woody biomass mixed with cattle or swine manure (Schott, 2018). 
Repeated measures of the soil aggregation earlier in the cropping season (closer to the 
treatment application date) may be needed in future experiments in order to better 
understand the impact of single manure applications on this physical property. 
Woody biomass did not significantly impact aggregation in any of the sites in the 
current study. These results are supported by N’dayegamiye and Angers (1993) who did 
not find any improvement in soil water-stable macro-aggregation even after multiple 
applications of wood residue to a sandy loam soil. Likewise, Tahboub et al. (2008) did 
not find any improvements in aggregate stability with the application and incorporation 
of pecan woodchips three years after the application. However, significant improvements 
were seen in the year following the second of two consecutive treatment applications. 
Larger inputs of C and longer periods of time following C inputs may be needed to 
produce measurable impacts on soil aggregation from woody biomass applications.  
Soil bulk density 
While a significantly higher bulk density in the 5-10 cm soil layer compared to 
the 0-5 cm layer was observed at all sites (Tables 2.22, 2.24, 2.26 and 2.28), differences 
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in soil bulk density by treatment was only observed at site D. At this site, CMCC and CC 
treatments exhibited lower mean bulk density values compared to CON for the 0-5 cm 
soil layer (p≤0.05). Bulk density under the CM treatment did not significantly differ from 
that under the CON and CC treatments. Therefore, the decrease in bulk density was 
mainly attributed to the application of coal char, which contains small particles and has 
lower bulk density than soil. 
Previous reviews of literature have reported decreases in soil bulk density with the 
application of coal combustion by-products (Korcak, 1998). Similar effects were 
specifically reported with agricultural applications of fly ash (Basu et al., 2009) and fly 
ash co-mingled with farmyard manure (Singh et al., 2011), although the effect depends 
on the application rate and physical properties of the soil and fly ash applied (Shaheen et 
al., 2014). In general, the effect of fly ash on bulk density can be mostly attributed to the 
small size of the coal char particles and its low bulk density compared to the soil where it 
was applied (Shaheen et al., 2014; Ukwattage et al., 2013). Therefore, the differences in 
bulk density for the 0-5 cm soil layer observed in the current study could be attributed to 
the mixing of the coal char (bulk density of 1.03 g cm-3) with the more dense mineral 
fraction of the soil (the mean bulk density for the 0-5 cm soil layer in the CON treatment 
at the end of the cropping season was 1.66 g cm-3). 
The application of cattle manure, cattle slurry and woody biomass did not 
generate any significant impacts on bulk density when compared to control treatments, 
even in site A where treatments were incorporated at the end of the cropping season. In a 
similar study conducted in a soil with a fine sand texture (Schott, 2018), differences in 
bulk density were reported only after three consecutive applications of woody biomass 
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co-mingled with cattle and swine manure, which occurred annually over three years. 
Several other studies have reported no differences in bulk density with surface 
application of wood residue in a short- or medium-term period (Bulmer et al., 2007; 
Fentabil et al., 2016; Li et al., 2018). Differences in bulk density were reported by 
Bulmer et al. (2007) with incorporation of wood wastes into the soil after a short period 
of time. However, that experiment included higher application rates than those 
considered in this study. Therefore, higher applications rates may be needed to decrease 
bulk density after a single application and incorporation of woody biomass. Furthermore, 
multiple applications of woody biomass, and longer periods of time following 
application, may be needed for surface applications to impact bulk density. More time 
may allow this product to decompose, increase the SOM concentration, and ultimately 
impact other physical properties that are closely associated with organic matter content, 
like bulk density. Multiple applications may also be needed for manure to decrease bulk 
density (Diacono and Montemurro, 2011). In general, repeated and considerable inputs of 
organic C may be needed to produce observable changes in soil physical properties 
(Bhogal et al., 2009). 
Sorptivity  
Only site C in this study experienced differences in sorptivity values among 
treatments (Table 2.26). At this study site, CMWB and WB had significantly higher 
values for sorptivity, meaning they had higher initial water infiltration rates, compared to 
the other treatments. Therefore, we can conclude for this site that treatments including the 
application of woody biomass performed better than the CON treatment after a single 
application of the amendments. For similar soil and climate conditions, differences in 
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sorptivity have been found with the surface application of woody biomass after 2 
consecutive applications over a two year period (Schott, 2018). However, no 
measurements were performed by Schott (2018) after the initial application of 
amendments. The improvement in soil sorptivity exhibited for the CMWB treatment in 
this study could be partially linked to the increase in SOM concentration reported for the 
same treatment. SOM concentration is closely correlated to the general improvement of 
soil structure and soil physical properties, including water infiltration and sorptivity 
(Douglas, 2003). Application of manure alone has been shown to increase soil water 
sorptivity, but only after multiple applications (Bhattacharyya et al., 2007). This may 
explain why no differences were observed for sorptivity among manured and non-
manured plots in the current study. 
2.5.3. Crop yield  
All study sites in the current experiment were planted to corn during the year of 
this study. Corn grain yield was not significantly impacted by treatments in any of the 
research sites, except for site D, where CC significantly decreased yield compared to the 
rest of the treatments (CON, CM, CMCC) (Table 2.28).  
Manure applications in this study neither decreased nor increased crop yields. 
While these results may suggest that the cattle manure and cattle slurry used in the study 
supplied sufficient pre-plant nutrient needs of the crops since no yield reductions were 
documented, the lack of any yield increases among treatments was unexpected. This 
could be related to the initial concentration of nutrients in the soil and the fact that extra 
nutrients were also provided by inorganic fertilizers through the fertility program of the 
farmers. 
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Coincidently, other studies have reported no grain-yield differences with the 
application of cattle manure, cattle slurry and composted cattle manure in a nutrient 
balanced scheme (Bhogal et al., 2009; Guo et al., 2016). Likewise, no effects on corn 
yield were observed during the first and third year (no corn was planted in the second 
year) of a study in which applications of cattle and swine manure co-mingled with woody 
biomass were compared with a control treatment receiving only inorganic fertilizer 
(Schott, 2018).  Edmeades (2003) reported that when manure and inorganic fertilizers are 
applied at equivalent rates to meet crop N, P, K and S needs, similar effects should be 
expected in crop yields. Eghball and Power (1999a) found no yield decrease with the 
application of fresh or composted cattle manure compared with a control treatment 
receiving inorganic P and N fertilizer. In that study, organic and inorganic amendments 
were applied to supply 100% of the N or P removed by the crop. Although excess P was 
applied with N-based manure applications, these results led researchers to the conclusion 
that manure and compost were reliably providing nutrients to the crop at the rates 
expected because no decrease in yield was documented. A similar situation was observed 
in the current study, although manure was not providing 100% of the N and P removed 
by the crop because more inorganic fertilizer was added with the farmers’ fertility 
programs in the fields where research was conducted. In site A, where manure provided 
38% of the total N applied in the field (Table 2.17), no differences in yield were 
observed. Similarly, in site D, where manure provided 65% of the total N applied to the 
crop (Table 2.18), no yield decreases were observed in CM compared to CON, 
supporting the fact that manure provided a timely supply of crop N needs. However, in 
most of the sites, the total N provided to the crop via organic and inorganic fertilizers was 
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larger than the recommended rates according to soil characteristics and target yield 
(Tables 2.17 and 2.18). Only in site D, N application approximately matched what was 
estimated as N needs for the crop (Table 2.18). For this site, manure represented 65 % of 
the N provided to the crop in manured plots, and no yield decrease was observed for CM 
or CMCC compared to CON.   
On the other hand, several factors may explain why manure applications did not 
increase crop yields. Although some of the nutrients were balanced between plots, the 
fact that, in general, manure provided extra P, K and S to the manured plots compared to 
the control plots, does not seem to have impacted yields after a single application of the 
amendment. Looking at pre-planting concentrations of nutrients in the soil for the 0-10 
and 10-20 cm layers in each of the research sites (background sampling, Table 2.4), K 
seems not to be a limiting nutrient in any of the fields for corn growth according to 
standards from Shapiro et al. (2019). Therefore, the benefit of the extra K application 
with manure may not be apparent. For P, Shapiro et al. (2019) states that there is not 
further benefit of P applications when Mehlich-III P is greater than 29.5 ppm in the top 
soil layers. All research sites were below that threshold when sampling before planting 
(Table 2.4), which means corn growth may have benefited from extra P applied with 
manure. However, for those sites where P was also applied by farmers as an inorganic 
fertilizer, the extra availability of P in manured plots and its impact on crop yield may 
have been masked. According to the standards in Shapiro et al. (2019) for S and the pre-
planting concentration recorded for this nutrient in each site, only site B and C may have 
needed additional S applications. However, the application of extra S with inorganic 
fertilizer included in the farmers’ fertility program at both sites may have supplied this 
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need, again masking the potential value of manure as a source of this nutrient for crop 
growth. The extra supply of micronutrients from manure applications could have 
positively impacted yields in manured plots, as well; however, concentrations of 
important micronutrients in the soil were not tested under this study. More research in 
this aspect needs to be explored in order to determine how manure can differently and 
positively impact corn yield when compared with inorganic fertilizers, via supply of key 
micronutrients.  
In agreement with observations of Schott (2018), surface applications of woody 
biomass did not significantly impact crop yields. Since all of the sites in the current study 
were pivot-irrigated, potential benefits to crop growth from temperature regulation and 
moisture retention by the woody biomass may have been negated. 
Although multiple studies have shown increases in crop yield with the application 
of coal combustion by-products, the application of coal char at a rate of 42.1 Mg ha-1 (wet 
weight) in the present study significantly decreased corn yield compared to CON. 
However, this detrimental effect on yield was not observed in CMCC (42.1 Mg ha-1 of 
coal char plus 29.6 Mg ha-1 of manure, both wet weight) as CMCC yield did not 
significantly differ from CON. This is contradictory to the fact that CC increased SOM 
concentrations and decreased bulk density in the 0-5 cm layer compared to CON 
(p≤0.05), properties that are associated with better environments for plant growth and, 
therefore, crop yield. More research will be needed to explain the reasons for the yield 
decrease with CC applications; however, potential causes could be phytotoxicity 
generated by some components of the coal char, or impacts of coal char on the P and N 
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availability of the soil at some point during the season, although that was not observed 
under the present study with soil samples taken after harvest.  
None of the soil chemical or physical variables documented for the CC treatment 
at the end of the cropping season in this study seem to clearly explain the decrease in 
crop yield, as may be seen with abrupt changes in pH and/or EC, except for the increase 
in available-S documented for treatments receiving coal char compared to CON. The 
higher concentrations of sulfate found after harvest in the CC treatment compared to 
CON (p≤0.05) could potentially be an indicator of accumulation of this soluble salt with 
the application of coal char, which may have affected the crop growth. Furthermore, it 
could be an indicator of sulfite accumulation earlier in the cropping season (that 
eventually oxidized to sulfate), a chemical that is harmful for crop growth (R.F. Korcak, 
1998). Although not the same product, some adverse effects from the use of fly ash on 
agricultural soils include phytotoxicity caused by trace elements and high salinity caused 
by accumulation of sulfate, chloride, carbonate and bi-carbonates (Basu et al., 2009; 
Shaheen et al., 2014). Even though this potential difference in salinity was not detected in 
the current study with the EC measurements at the end of the cropping season, greater 
concentrations of soluble salts may have existed early in the season. Korcak (1998) also 
reported soil loading with soluble salts as a potential hazard from using coal combustion 
by-products, which may reduce initial plant establishment and growth. The same article 
suggests incorporating these products in the soil to decrease the direct contact of the 
amendment with the seeds, thereby avoiding these potential negative effects. For the 
present study, coal char was surface applied immediately before planting (no 
incorporation), which may have impacted initial corn growth. The coal char utilized in 
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this study also exhibited a slightly alkaline pH (8.7, Table 2.8), a factor that may have 
also impacted seed germination and initial crop growth (R.F. Korcak, 1998). 
In consideration of future applications strategies, some investigations have 
reported that the beneficial effects of fly ash may disappear, and even become adverse, 
when application rates are high (Shaheen et al., 2014; Wright et al., 1998). Shaheen et al. 
(2014) attributed the decrease in yield with high application rates to the retardation in 
plant growth resulting from metal toxicity and low N and P availability. The application 
rate for site D may have been higher than what is generally regarded as agronomically 
safe, though it was applied at a rate recommended by the supplier based on previous 
research. Cattle manure may have positively interacted with coal char to properly provide 
nutrients that were otherwise immobilized in soil from the coal char, thereby offsetting a 
potential yield decrease in CMCC. Coal combustion by-products with a high Ca content, 
like the one used in the present study may induce the formation of insoluble complexes in 
combination with P, reducing the availability of P to plants (R.F. Korcak, 1998). A 
review conducted by Ukwattage et al. (2013) indicates that application of fly ash with 
other sources of organic matter, like animal manures, may stabilize toxic metals in the 
soil, thereby reducing the chance of plant toxicity. 
More research will be needed to further investigate the cause of the yield decrease 
with the application of coal char alone, and the nutrient dynamics and crop performance 
in soils co-amended with manure and coal char. Future studies should consider 
monitoring soil EC, pH, soluble salts and metals concentration (such as B, Mo, Se, Al) 
since the beginning of the cropping season. Also, seed germination and crop 
establishment should be measured, as well as to test multiple application rates for coal 
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char, and the N and P availability for crop throughout the season, with combined land-
application of coal char and cattle manure. 
2.6.  Conclusions 
The results of this research indicate that single manure applications can make 
significant contributions of macronutrients (N, P and K) for crop growth, constituting a 
reliable nutrient source to partially replace pre-plant inorganic fertilizers. No changes in 
crop yield were observed with manure applications despite having N balanced among 
treatments. Depending on initial soil characteristics, single manure applications can also 
positively impact other chemical properties, like SOM concentration and pH; however, 
manure may also increase EC. In general, higher application rates of manure than those 
tested in this study, or multiple manure applications, may be needed to significantly 
impact soil physical properties in both the short and long terms. 
No evidence of soil acidification or N immobilization was apparent with surface 
application of cedar woodchips, which is a common concern with high C soil 
amendments. However, soil nitrate concentrations were decreased with incorporation of 
woody biomass after harvest. Multiple applications and longer periods of time may be 
needed to observe significant changes in most of the soil chemical and physical 
properties as a result of woody biomass application.   
Finally, a single application of coal char significantly increased SOM 
concentration, pH and Sulfate-S in the top 10 cm of soil, and decreased bulk density in 
the top 5 cm of soil. However, its application also decreased crop yield by 16% compared 
to the control treatment. Therefore, further study is needed to better understand the 
impacts of coal char alone and combination with manure, on soil and crop metrics. 
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2.9. Appendix 
 
Figure 2.1. Locations of research sites included in the present study; Site A, near Saint Paul, NE; 
Site B, near Pierce, NE; Site C, near Ainsworth, NE; and Site D, near Brule, NE. 
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Figure 2.2. Plot size and treatment arrangement for site A, in a silt loam field near Saint Paul, 
NE. CM=cattle manure, WB=woody biomass, CMWB=cattle manure and woody biomass, 
CON=control.   
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Figure 2.3. Plot size and treatment arrangement for site B, in a fine sandy loam field near Pierce, 
NE; CS=cattle slurry, CSWB=cattle slurry and woody biomass, CON=control.  
 
Figure 2.4. Plot size and treatment arrangement for site C, in a fine sandy loam field near 
Ainsworth, NE; CM=cattle manure, WB=woody biomass, CMWB=cattle manure and woody 
biomass, CON=control.   
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Figure 2.5. Plot size and treatment arrangement for site D, in a very fine sandy loam field near 
Brule, NE; CM=cattle manure, CC=coal char, CMCC=cattle manure and coal char, 
CON=control.   
 
Figure 2.6. 2-cm diameter JMC Enviromentalist’s Sub-Soil Probe sampling system (Clements 




Figure 2.7. Bulk density soil sampling kit with rings of 5.1 cm in height and 5.1 cm in external 
diameter (volume of 90.59 cm3) and a compact slide hammer (AMS, Inc., American Falls, ID, 
USA), used for bulk density sampling. 
 
 
Figure 2.8. Mean nitrate-nitrogen concentrations (ppm) by soil depth (0-10, 10-20, 20-51 and 51-
91 cm) at the end of the 2019 cropping season for all treatments at site A. Bars with no or equal 
letters within the same soil depth are not significantly different (p>0.05). Error bars correspond to 
standard errors of the sample means. CMWB=cattle manure and woody biomass, WB=woody 
biomass, CM=cattle manure, CON=control.     
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Figure 2.9. Mean nitrate-nitrogen concentrations (ppm) by soil depth (0-10, 10-20, 20-51 and 51-
91 cm) at the end of the 2019 cropping season for all treatments at site B. Bars with no or equal 
letters within the same soil depth are not significantly different (p>0.05). Error bars correspond to 
standard errors of the sample means. CSWB=cattle slurry and woody biomass, CS=cattle slurry, 
CON=control. 
 
   
 
Figure 2.10. Mean nitrate-nitrogen concentrations (ppm) by soil depth (0-10, 10-20, 20-51 and 
51-91 cm) at the end of the 2019 cropping season for all treatments at site C. Bars with no or 
equal letters within the same soil depth are not significantly different (p>0.05). Error bars 
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correspond to standard errors of the sample means. CMWB=cattle manure and woody biomass, 
WB=woody biomass, CM=cattle manure, CON=control.   
 
Figure 2.11. Mean nitrate-nitrogen concentrations (ppm) by soil depth (0-10, 10-20, 20-51 and 
51-91 cm) at the end of the 2019 cropping season for all treatments at site C. Bars with no or 
equal letters within the same soil depth are not significantly different (p>0.05). Error bars 
correspond to standard errors of the sample means. CMCC=cattle manure and coal char, CC=coal 
char, CM=cattle manure, CON=control.   
 
Figure 2.12. Undecomposed woody biomass on the soil surface after one year since the 




Figure 2.13. Mean soil organic matter concentration (%) for the 0-10 cm soil layer at the end of 
the 2019 cropping season for all treatments at site C. Bars with equal letters are not significantly 
different (p>0.05). Error bars correspond to standard errors of the sample means. CMWB=cattle 
manure and woody biomass, WB=woody biomass, CM=cattle manure, CON=control. 
 
Figure 2.14. Mean soil organic matter concentration (%) for the 0-10 cm soil layer at the end of 
the 2019 cropping season for all treatments at site D. Bars with equal letters are not significantly 
different (p>0.05). Error bars correspond to standard errors of the sample means. CM=cattle 




Figure 2.15. Mean pH for the 0-10 cm soil layer at the end of the 2019 cropping season for all 
treatments at site B (graph a), C (graph b), and D (graph c). Bars with equal letters within the 
same graph are not significantly different (p>0.05). Error bars correspond to standard errors of the 
sample means. CS=cattle slurry, CSWB= cattle slurry and woody biomass, CMWB=cattle 
manure and woody biomass, WB=woody biomass, CM=cattle manure, CON=control, 
CMCC=cattle manure and coal char, CC=coal char. 
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Table 2.1. Summary of abbreviations used in the chapter. 
Abbreviation Full Word 
CM Cattle manure 
CS Cattle slurry 
CC Coal char 
CMWB Cattle manure and woody biomass 
CSWB Cattle slurry and woody biomass 
CMCC Cattle manure and coal char 
SOM Soil organic matter 
CEC Cation exchange capacity 
EC Soil electrical conductivity 
NO3-N Nitrate nitrogen 
P Phosphorous 
K Potassium 




B Boron  
Mo  Molybdenum 








Table 2.2. Summary of soil characteristics for sites A, B, C and D. 
 Main Soil Map Unit in 
the Area of the Study 
Main Soil 
Series in the 
Map Unit 












8869—Hord silt loam, 
0 to 1 percent slopes 
Hord Silt Loam 0 – 1 % Well-drained Low 
LCC (irrigated): 1 






6584—Ortello fine sandy 
loam, terrace, 




0 – 2 % Well-drained Very low 
LCC (irrigated): 2e 












0 – 2 % Well-drained Low 
LCC (irrigated): 2e 






1307—Bayard very fine 
sandy loam, 




1 – 3 % Well-drained Low 
LCC (irrigated): 2e 












Table 2.3. Average monthly temperature and precipitation for sites A, B, C and D in 2019. 

















January  -3.2 4 -5.4 4 -4.2 1 -1.9 1 
February -7.6 20 -9.4 25 -10.2 1 -6.8 2 
March 1.0 88 -8.0 76 -1.4 42 0.8 38 
April 11.0 24 10.0 51 7.6 26 10.0 18 
May 14.5 171 13.5 126 11.1 196 12.2 188 
June 22.1 104 21.3 63 19.5 61 21.0 58 
July 25.0 132 23.3 72 22.9 83 24.7 102 
August 22.1 261 21.9 87 20.4 132 22.7 133 
September 22.1 27 21.1 45 19.4 110 20.6 62 
October 8.1 42 7.5 51 5.7 24 6.1 5 
November 3.1 36 1.8 42 2.3 7 2.1 7 
December -0.3 37 -2.0 28 -0.8 9 -0.8 7 
Average / Total 9.8 945 8.0 670 7.7 693 9.2 621 
Note: T= temperature; PP= Precipitation. Weather information retrieved from Weather Underground (https://www.wunderground.com/). Site A: 
Central Nebraska Regional Airport Station (40.92°N, 98.34°W); Site B: Norfolk Regional Airport Station (42.04°N, 97.41°W); Site C: Ainsworth 











Table 2.4. Average initial soil chemical properties for sites A, B, C and D. 
 Depth SOM CEC pH EC NO3--N P K SO4-S Ca Mg Na 






0-10 3.03 14.5 6.15 0.14 11.5 26.5 374.8 7.2 1718.3 193.0 12.5 
10-20 2.05 15.8 6.23 0.12 6.3 9.0 852.8 5.6 2110.5 238.0 16.5 
20-51 - - - - 3.6 - - - - - - 






0-10 2.00 7.4 6.58 0.09 4.0 26.3 234.0 5.7 974.8 122.2 10.4 
10-20 1.33 6.5 6.48 0.07 3.2 29.3 155.6 6.1 896.7 105.9 9.8 
20-51 - - - - 3.1 - - - - - - 






0-10 1.39 5.7 5.98 0.05 1.7 13.8 203.1 3.9 496.1 57.1 7.2 
10-20 0.88 6.3 5.35 0.05 1.6 19.6 124.9 7.0 444.9 48.3 9.9 
20-51 - - - - 2.4 - - - - - - 






0-10 1.56 9.3 7.58 0.14 6.4 23.1 345.8 6.9 1226.1 224.8 92.9 
10-20 1.32 9.0 7.36 0.15 7.0 21.9 261.1 12.5 1250.9 208.8 76.8 
20-51 - - - - 6.5 - - - - - - 
51-91 - - - - 4.2 - - - - - - 
Note: SOM=soil organic matter, CEC=cation exchange capacity, EC=electrical conductivity, NO3-N=nitrate-nitrogen, P=phosphorous, 
K=potassium, SO4-S = sulfate-sulfur, Ca=calcium, Mg=magnesium, Na=sodium.  
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Table 2.5. Average chemical properties for amendments applied in site A on a dry and wet 
weight basis.  
     
 Solid Cattle Manure Woody Biomass 
 Dry Basis Wet Basis Dry Basis Wet Basis 
 (%) (kg Mg-1) (%) (kg Mg-1) 
Moisture 66.6  - 36.2 - 
pH 7.0  - 6 - 
EC 43.4  - 4.2 - 
Ash 26.3  - 3.4 - 
Total-C 37.5  121.3 50.3 310.4 
Organic-C 42.7  - 56.1 - 
Total C:N 13.3  - 122.8 - 
Organic-N 2.7  9.1 0.4 2.5 
NH4-N 0.1 0.3 0 0.1 
P 1.8  5.9 0.1 0.8 
K 2.9  9.5 0.3 1.6 
S 0.4  1.4 0.1 0.4 
Ca 2.6  8.7 1.2 7.3 
Mg 0.5  1.6 0.1 0.6 
Na 0.3  0.8 0 0.2 
Note: EC=electrical conductivity (mmho cm-1), Total-C=total carbon, Organic-C=Organic 
carbon, Total C:N=total carbon-to-nitrogen ratio, Organic-N=organic nitrogen, NH4-
N=ammonium nitrogen, P=phosphorous (% P2O5), K=potassium (% K2O), SO4-S =sulfate-sulfur, 












Table 2.6. Average chemical properties for amendments applied in site B on a dry and wet 
weight basis.  




Wet Basis Dry Basis Wet Basis 
  (kg 1000 l-1) (%) (kg Mg
-1) 
Dry Matter 8.9 % - 36.2 - 
pH 5.8 - 6.0 - 
EC 11.4 - 4.2 - 
Ash <0 - 3.4 - 
Total-C 35,664  mg L-1 - 50.3 310.4 
Organic-C 6.1 % - 56.1 - 
Total C:N 20.4 - 122.8 - 
Organic-N 2177.6 ppm 2.2 0.4 2.5 
NH4-N 852.0 ppm 0.8 0.0 0.1 
P 1271.1 ppm 1.3 0.1 0.8 
K 2936.3 ppm 3.0 0.3 1.6 
S 269.0 ppm 0.3 0.1 0.4 
Ca 1425.0 ppm 1.4 1.2 7.3 
Mg 543.9 ppm 0.5 0.1 0.6 
Na 159.6 ppm 0.2 0.0 0.2 
Note: EC=electrical conductivity (mmho cm-1), Total-C=total carbon, Organic-C=Organic 
carbon, Total C:N=total carbon-to-nitrogen ratio, Organic-N=organic nitrogen, NH4-
N=ammonium nitrogen, P=phosphorous (% P2O5), K=potassium (% K2O), SO4-S =sulfate-sulfur, 











Table 2.7. Average chemical properties for amendments applied in site C on a dry and wet 
weight basis.  
     
 Solid Cattle Manure Woody Biomass 
 Dry Basis Wet Basis Dry Basis Wet Basis 
 (%) (kg Mg-1) (%) (kg Mg-1) 
Moisture 40.5 - 44.7 - 
pH 8.5 - 6.6 - 
EC 6.7 - 4.4 - 
Ash 86.0 - 36.2 - 
Total-C 7.7 45.3 35.2 186.0 
Organic-C 8.12 - 37.0 - 
Total C:N 11.2 - 67.0 - 
Organic-N 0.7 4.1 0.5 3.0 
NH4-N 0.0 0.0 0.0 0.0 
P 0.6 3.8 0.3 1.4 
K 0.9 5.2 0.4 2.1 
S 0.1 0.9 0.1 0.5 
Ca 0.8 5.0 1.6 8.8 
Mg 0.3 1.8 0.2 0.8 
Na 0.1 0.6 0.1 0.3 
Note: EC=electrical conductivity (mmho cm-1), Total-C=total carbon, Organic-C=Organic 
carbon, Total C:N=total carbon-to-nitrogen ratio, Organic-N=organic nitrogen, NH4-
N=ammonium nitrogen, P=phosphorous (% P2O5), K=potassium (% K2O), SO4-S =sulfate-sulfur, 












Table 2.8. Average chemical properties for amendments applied in site D on a dry and wet 
weight basis.  
     
 Solid Cattle Manure Coal Char 
 Dry Basis Wet Basis Dry Basis Wet Basis 
 (%) (kg Mg-1) (%) (kg Mg-1) 
Moisture 38.0 - 16.0 - 
pH 7.4 - 8.4 - 
EC 48.6 - 7.7 - 
Ash 64.4 - 84.7 - 
Total-C 19.0 112.0 12.1 99.8 
Organic-C 20.7 - 8.9 - 
Total C:N 9.6 - 81.3 - 
Organic-N 1.9 11.7 0.1 1.2 
NH4+-N 0.1 0.5 0.0 0.0 
P 2.8 17.3 1.0 8.1 
K 2.6 15.8 0.2 1.8 
S 1.0 6.0 0.6 5.2 
Ca 2.8 17.2 8.3 69.9 
Mg 0.9 5.4 2.3 18.9 
Na 0.6 3.5 0.4 3.0 
Note: EC=electrical conductivity (mmho cm-1), Total-C=total carbon, Organic-C=Organic 
carbon, Total C:N=total carbon-to-nitrogen ratio, Organic-N=organic nitrogen, NH4-
N=ammonium nitrogen, P=phosphorous (% P2O5), K=potassium (% K2O), SO4-S =sulfate-sulfur, 
















Table 2.9. Important dates of the field management and sampling activities for sites A, B, C and D. 
 Background Soil 
Sampling 
Application of the 
Treatments 









































































tillage at the 











79,074 76.2 5.1 
Pioneer® 
1197 
Soybean 142.2 No-till 
Cattle Slurry: Jamesway 
AT4600 with a splash 
plate 







80,309 76.2 3.8 
4203 
Croplan 
Soybean 30.5 No-till 
Meyer’s VB750 manure 



























Table 2.11. Nutrients applied by treatment at site A. 




(kg N ha-1) 
P 
(kg P2O5 ha-1) 
K 
(kg K2O ha-1) 
S 












Researchers Manure*   46,400.0 105.8 191.4 398.8 36.5 
Farmer 
0-0-60 - - - - - 
21-0-0-24  - - - - - 
Researchers 
11-52-0  - - - - - 
0-0-60 - - - - - 
44-0-0  - - - -  
Planting Farmer 
7-21-3 37.7 2.6 7.9 1.1 0.0 
32-0-0 148.8 47.6 0.0 0.0 0.0 
Post-planting Farmer 32-0-0 371.9 119.0 0.0 0.0 0.0 










Researchers Manure - - - - - 
Farmer 
0-0-60 28.0 0.0 0.0 16.8 0.0 
21-0-0-24  112.1 23.5 0.0 0.0 26.9 
Researchers 
11-52-0  154.7 17.0 80.4 0.0 0.0 
0-0-60 252.2 0.0 0.0 151.3 0.0 
44-0-0  148.0 65.1 0.0 0.0 0.0 
Planting Farmer 
7-21-3 37.7 2.6 7.9 1.1 0.0 
32-0-0 148.8 47.6 0.0 0.0 0.0 
Post-planting Farmer 32-0-0 371.9 119.0 0.0 0.0 0.0 







Note: CM= cattle manure; CMWB=cattle manure and woody biomass; CON=control; WB= woody biomass; N=nitrogen P=phosphorous; 
K=potassium; S=sulfur. *Quantities shown for manure correspond to plant-available nutrients. Availability factors for cattle manure nutrients 

























Table 2.12. Nutrients applied by treatment at site B. 




(kg N ha-1) 
P 
(kg P2O5 ha-1) 
K 
(kg K2O ha-1) 
S 












Slurry* 53,317.5 l ha-1 40.8 47.9 141.6 7.8 
15-23-10 - - - - - 
32-0-4 - - - - - 
Planting Farmer 8-20-5-5S 224.2 17.9 44.8 11.2 11.2 
Post-planting Farmer 
44-0-0 203.8 89.7 0.0 0.0 0.0 
30-0-0-2S 280.2 84.1 0.0 0.0 5.6 
32-0-0  297.7 95.3 0.0 0.0 0.0 






Slurry - - - - - 
15-23-10 219.7 33.0 50.5 22.0 0.0 
32-0-4 30.5 9.8 0.0 1.2 0.0 
Planting Farmer 8-20-5-5S 224.2 17.9 44.8 11.2 11.2 
Post-planting Farmer 
44-0-0 203.8 89.7 0.0 0.0 0.0 
30-0-0-2S 280.2 84.1 0.0 0.0 5.6 
32-0-0  297.7 95.3 0.0 0.0 0.0 
Total 329.6 95.4 34.4 16.8 
Note: CS= cattle slurry; CSWB=cattle slurry and woody biomass; CON=control; N=nitrogen P=phosphorous; K=potassium; S=sulfur. *Quantities 
shown for cattle slurry correspond to plant-available nutrients. Availability factors for cattle slurry nutrients utilized for the first year of the study: 









Table 2.13. Nutrients applied by treatment for CM and CMWB treatments at site C. 




(kg N ha-1) 
P 
(kg P2O5 ha-1) 
K 
(kg K2O ha-1) 
S 












Researchers Manure*   37,880.0 38.6 100.1 179.0 18.2 
Farmer 
0-0-22-22S 51.0 0.0 0.0 11.2 11.2 
21-0-0-24  46.7 9.8 0.0 0.0 11.2 
11-52-0  21.6 2.4 11.2 0.0 0.0 
0-0-60 37.4 0.0 0.0 22.4 0.0 
34-0-0 227.9 77.5 0.0 0.0 0.0 
Planting Farmer 
10-34-0 131.9 13.2 44.8 0.0 0.0 
12-0-0-26 43.1 5.2 0.0 0.0 11.2 
32-0-0  82.7 26.5 0.0 0.0 0.0 
Post-planting Farmer 
82-0-0 151.3 124.1 0.0 0.0 0.0 
32-0-0   132.0 42.2 0.0 0.0 0.0 
12-0-0-26 21.6 2.6 0.0 0.0 5.6 
Total 342.0 156.2 212.6 57.5 
Note: CM= cattle manure; CMWB=cattle manure and woody biomass; N=nitrogen P=phosphorous; K=potassium; S=sulfur. *Quantities shown 
for manure correspond to plant-available nutrients. Availability factors for cattle manure nutrients utilized for the first year of the study: 25% for 











Table 2.14. Nutrients applied by treatment for CON and WB treatments at site C. 




(kg N ha-1) 
P 
(kg P2O5 ha-1) 
K 
(kg K2O ha-1) 
S 











Researchers Manure* - - - - - 
Farmer 
0-0-22-22S 51.0 0.0 0.0 11.2 11.2 
21-0-0-24  46.7 9.8 0.0 0.0 11.2 
11-52-0  21.6 2.4 11.2 0.0 0.0 
0-0-60 37.4 0.0 0.0 22.4 0.0 
34-0-0 227.9 77.5 0.0 0.0 0.0 
Planting Farmer 
10-34-0 131.9 13.2 44.8 0.0 0.0 
12-0-0-26 43.1 5.2 0.0 0.0 11.2 
32-0-0  82.7 26.5 0.0 0.0 0.0 
Post-planting Farmer 
82-0-0 151.3 124.1 0.0 0.0 0.0 
32-0-0   132.0 42.2 0.0 0.0 0.0 
12-0-0-26 21.6 2.6 0.0 0.0 5.6 
Total 303.4 56.0 33.6 39.2 













Table 2.15. Nutrients applied by treatment at site D. 




(kg N ha-1) 
P 
(kg P2O5 ha-1) 
K 
(kg K2O ha-1) 
S 













Researchers Manure*   29,590.0 86.7 358.3 421.4 97.2 
Farmer Strip-till - - - - - 
Planting Farmer 10-34-0 130.0 13.0 44.2 0.0 0.0 
Post-planting Farmer N/A N/A 33.6 0.0 0.0 0.0 











Researchers Manure - - - - - 
Farmer Strip-till N/A 84.1 0.0 0.0 0.0 
Planting Farmer 10-34-0 130.0 13.0 44.2 0.0 0.0 
Post-planting Farmer N/A N/A 33.6 0.0 0.0 0.0 
Total 130.7 44.2 0.0 0.0 
Note: CM= cattle manure; CMCC=cattle manure and coal char; CON=control; CC= coal char; N=nitrogen P=phosphorous; K=potassium; 
S=sulfur. *Quantities shown for manure correspond to plant-available nutrients. Availability factors for cattle manure nutrients utilized for the first 













Table 2.16. Total carbon supplied with the application of amendments at sites A, B, C and D. 
 Cattle Manure 
(kg total C ha-1) 
Cattle Slurry 
(kg total C ha-1) 
Woody Biomass 
(kg total C ha-1) 
Coal Char 
(kg total C ha-1) 
Site A 5628.7 ---- 8349.9 ---- 
Site B ---- 1903.4 6958.2 ---- 
Site C 1718.1 ---- 4170.7 ---- 
Site D 3315.6 ---- ---- 4208.1 



















Table 2.17. Nitrogen balances for plots receiving cattle manure or cattle slurry (CM, CS, CMWB, CSWM) at sites A and B. 
 Application N 
applied 
Percentage of the total N 
applied 






Cattle Manure * 105.8 38.4 
Pre-planting - - 
Planting 50.2 18.3 
Post-Planting 119.0 43.3 
Total  275.0 - 






Cattle Slurry 40.8 12.4 
Pre-planting - - 
Planting 17.9 5.5 
Post-Planting 269.0 82.1 
Total  327.7 - 
N recommendation b 223.0  - 
Note: CM=cattle manure, CS=cattle slurry, CMWB=cattle manure and woody biomass, CSWB=cattle slurry and woody biomass.*Quantities 
shown for manure correspond to plant-available nutrients. Availability factors for cattle manure nutrients utilized for the first year of the study: 
25% for organic-N from solid cattle manure and 25 % for organic-N from cattle slurry. a Nitrogen recommendation calculated with the University 
of Nebraska-Lincoln Corn Nitrogen Recommendation Calculator, taking into account an average yield of 10.7 Mg ha-1 (171 bu acre-1), a 
“medium/fine” soil texture, 2.5% SOM for 0-8”, soybean as a previous crop, and nitrate levels of 8.9, 3.6 and 1.9 ppm for soil layers from 0-20 cm 
(0-8”), 20-51 cm (8-20”), and 51-91 cm (20-36”), respectively. b Nitrogen recommendation calculated with the University of Nebraska-Lincoln 







SOM for 0-8”, soybean as a previous crop, and nitrate levels of 3.6, 3.1 and 2.4 ppm for soil layers from 0-20 cm (0-8”), 20-51 cm (8-20”), and 

























Table 2.18. Nitrogen balance for plots receiving cattle manure (CM, CMWB, CMCC) at sites C and D. 
 Application N applied Percentage of the total N 
applied 






Cattle Manure * 38.6 11.3 
Pre-planting 89.7 26.2 
Planting 44.8 13.1 
Post-Planting 168.9 49.4 
Total  342.0 - 






Cattle Manure* 86.7 65.0 
Pre-planting - - 
Planting 13.0 9.7 
Post-Planting 33.6 25.2 
Total  133.4 - 
N recommendation b 155.8 - 
Note: CM=cattle manure, CMWB=cattle manure and woody biomass, CMCC=cattle manure and coal char.*Quantities shown for manure 
correspond to plant-available nutrients. Availability factors for cattle manure nutrients utilized for the first year of the study: 25% for organic-N 
from solid cattle manure and 25 % for organic-N from cattle slurry. a Nitrogen recommendation calculated with the University of Nebraska-
Lincoln Corn Nitrogen Recommendation Calculator, taking into account an average yield of 13.7 Mg ha-1 (219 bu acre-1), a “sandy” soil texture, 
1.1% SOM for 0-8”, soybean as a previous crop, and nitrate levels of 1.7, 2.4 and 1.9 ppm for soil layers from 0-20 cm (0-8”), 20-51 cm (8-20”), 
and 51-91 cm (20-36”), respectively. b Nitrogen recommendation calculated with the University of Nebraska-Lincoln Corn Nitrogen 

































Table 2.19. Summary of results for relevant soil chemical properties in sites A, B, C and D. 
 Depth 
(cm) 
Site A Site B Site C Site D 
SOM 
0-10  NSD NSD CMWBa WBb CMa CONb  CMCCa CCa CMa CONb 
10-20 NSD NSD NSD NSD 
pH 
0-10  
CMWBa WBb CMb CONab 
CSWBa CSa CONb CMWBab WBbc CMa CONc CMCCa CCab CMc CONbc 







10-20 NSD NSD 
EC 
0-10  NSD CSWBab CSa CONb CMWBa WBb CMa CONb NSD 
10-20 NSD NSD NSD NSD 
NO3-N 
0-10  CMWBb WBb CMa CONb NSD CMWBa WBb CMa CONb CMCCa CCb CMa CONb 
10-20 NSD NSD NSD NSD 
20-51 NSD NSD NSD NSD 
51-91 NSD NSD CMWBc WBb CMa CONbc NSD 
P 
0-10  CMWBa WBa CMa CONb 
NSD 
CMWBa WBb CMa CONb CMCCa CCb CMa CONb 




CSWBa CSa CONb 
CMWBa WBb CMa CONb NSD 
10-20 CSWBb CSa CONb 
Note: treatments’ results in the same column and row with equal letters do not significantly differ from each other at the p=0.05 level (LSD). 







slurry; CSWB=cattle slurry and woody biomass; CMCC=cattle manure and coal char; CC= coal char; SOM=soil organic matter; CEC=cation 

























Table 2.20. Summary of results for relevant soil physical properties and corn yield in sites A, B, C and D. 
 Depth 
cm 
Site A Site B Site C Site D 
MWD -  NSD NSD NSD NSD 
WSMA - NSD CSWBa CSa CONb NSD NSD 
BD 
0-5  
NSD NSD NSD 
CMCCa CCab CMbc CONc 
5-10 NSD 
S - Not measured NSD CMWBa WBab CMbc CONc NSD 
Yield -  NSD NSD NSD CMCCa CCb CMa CONa 
Note: treatments’ results in the same column and row with equal letters do not significantly differ from each other at the p=0.05 level (LSD). 
NSD= no significant difference; CM= cattle manure; CMWB=cattle manure and woody biomass; CON=control; WB= woody biomass; CS= cattle 
















Table 2.21. Average soil chemical properties for the 0-20 cm soil layers by treatments, for site A. 
Factor SOM pH CEC EC NO3-N P K SO4-S Ca Mg Na 






t CON 2.21 6.09 a b 12.28 - - - 270.9 8.0 1670.1 178.1 a b 10.8 
CM 2.00 5.86 b 11.98 - - - 236.8 8.9 1545.5 173.5 b 10.6 
WB 2.19 5.99 b 12.83 - - - 278.9 7.1 1674.5 189.4 a b 11.8 








0-10 2.64 a 6.04 12.28 - - - 330.1 8.6 1567.3 a 162.4 a 9.9 a 
CON - - - 0.13 12.5 b 19.5 b - - - - - 
CM - - - 0.12 17.2 a 35.3 a - - - - - 
WB - - - 0.11 11.4 b 40.5 b - - - - - 
CMWB - - - 0.14 12.3 b 30.8 b - - - - - 
10-20 1.70 b 6.04 13.21 - - - 230.1 7.6 1853.3 b 216.8 b 12.8 b 
CON - - - 0.11 4.5 7.0 - - - - - 
CM - - - 0.11 7.2 8.3 - - - - - 
WB - - - 0.13 3.7 10.5 - - - - - 
CMWB - - - 0.13 5.6 8.0 - - - - - 
 trt 0.4045 0.0335 0.2089 - - - 0.1164 0.3714 0.1521 0.0403 0.4363 
 depth 0.0122 1.0000 0.2268 - - - 0.0551 0.1429 <.0001 <.0001 0.0234 
 0-10 - - - 0.5929 0.0027 0.0092 - - - - - 
 10-20 - - - 0.3740 0.1106 0.9285 - - - - - 
 trt*depth 0.2709 0.1641 0.1108 0.0482 0.0355 0.0155 0.1179 0.1937 0.3729 0.4289 0.1951 
Note: When significant trt*depth interaction was found, p values for differences between treatments, and treatment means were reported for each 
of the soil layers. If no trt*depth interaction was detected, main effects for each of the treatment factors were included in the table. Means in the 
same column and factor with equal letters do not significantly differ from each other at the 0.05 level (LSD). When reporting the impact of 
treatments for each soil layer, letters “a”, “b”, “c” and “d” were used to indicate differences in the 0-10 cm soil layer, and “x”, “y” and “z” for the 







Table 2.22. Average soil physical properties for the 0-10 cm soil layers and corn yield by treatments, for site A. 
Factor Mean Weight Diameter Water-Stable Macroaggregates Bulk Density Sorptivity Corn Yield 






t CON 2.82 84.3 1.47 - 11.28 
CM 2.72 84.6 1.46 - 10.29 
WB 2.78 83.6 1.42 - 10.74 








0-5 - - 1.36 a - - 
CON - - - - - 
CM - - - - - 
WB - - - - - 
CMWB - - - - - 
5-210 - - 1.52 b - - 
CON - - - - - 
CM - - - - - 
WB - - - - - 
CMWB - - - - - 
 trt 0.9352 0.9469 0.1838 - 0.7331 
 depth - - 0.0114 - - 
 0-10 - - - - - 
 10-20 - - - - - 
 trt*depth - - 0.6410 - - 
Note: When significant trt*depth interaction was found, p values for differences between treatments, and treatment means were reported for each 
of the soil layers. If no trt*depth interaction was detected, main effects for each of the treatment factors were included in the table. Means in the 
same column and factor with equal letters do not significantly differ from each other at the 0.05 level (LSD). When reporting the impact of 
treatments for each soil layer, letters “a”, “b”, “c” and “d” were used to indicate differences in the 0-5 cm soil layer, and “x”, “y” and “z” for the 5-







Table 2.23. Average soil chemical properties for the 0-20 cm soil layers by treatments, for site B. 
Factor SOM pH CEC EC NO3-N P K SO4-S Ca Mg Na 








t CON 1.10 - - - - 37.1 - 9.0 715.8 b - 7.1 
CS 1.36 - - - - 47.4 - 10.5 934.9 a - 8.1 








0-10 1.58 a - - - - 43.5 - 8.9 824.3 - 7.7 
CON - 5.68 b 7.58 0.14 b 11.1 - 147.8 b - - 89.0 b - 
CS - 5.98 a 8.45 0.28 a 19.6 - 254.8 a - - 122.8 a - 
CSWB - 6.13 a 8.70 0.17 a b 18.1 - 223.0 a - - 121.8 a - 
10-20 0.90 b - - - - 36.4 - 9.9 852.8 - 7.5 
CON - 6.10 6.63 0.13 7.1 - 129.5 y - - 85.5 y - 
CS - 6.15 7.98 0.13 15.0 - 198.0 x - - 120.3 x - 
CSWB - 6.18 7.35 0.18 8.5 - 154.5 y - - 102.8 xy - 
 trt 0.0886 - - - - 0.2245 - 0.1068 0.0373 - 0.5457 
 depth 0.0162 - - - - 0.3383 - 0.1806 0.3603 - 0.8205 
 0-10 - 0.0041 0.2332 0.0293 0.0557 - 0.0007 - - 0.0102 - 
 10-20 - 0.8109 0.1644 0.3272 0.0815 - 0.0150 - - 0.0171 - 
 trt*depth 0.2812 0.0398 0.0509 0.0244 0.0072 0.5363 0.0424 0.1068 0.0677 0.0453 0.1318 
 
Note: When significant trt*depth interaction was found, p values for differences between treatments, and treatment means were reported for each 
of the soil layers. If no trt*depth interaction was detected, main effects for each of the treatment factors were included in the table. Means in the 
same column and factor with equal letters do not significantly differ from each other at the 0.05 level (LSD). When reporting the impact of 
treatments for each soil layer, letters “a”, “b”, “c” and “d” were used to indicate differences in the 0-10 cm soil layer, and “x”, “y” and “z” for the 








Table 2.24. Average soil physical properties for the 0-10 cm soil layers and corn yield by treatments, for site B. 
Factor Mean Weight Diameter Water-Stable Macroaggregates Bulk Density Sorptivity Corn Yield 








t CON 2.22 27.0 b 1.53 0.13 15.56 
CS 2.45 43.6 a 1.52 0.17 15.13 










0-5 - - 1.46 a - - 
CON - - - - - 
CS - - - - - 
CSWB - - - - - 
5-10 - - 1.59 b - - 
CON - - - - - 
CS - - - - - 
CSWB - - - - - 
 trt 0.9139 0.0540 0.9345 0.1995 0.5622 
 depth - - 0.0004 - - 
 0-10 - - - - - 
 10-20 - - - - - 
 trt*depth - - 0.1068 - - 
 
Note: When significant trt*depth interaction was found, p values for differences between treatments, and treatment means were reported for each 
of the soil layers. If no trt*depth interaction was detected, main effects for each of the treatment factors were included in the table. Means in the 
same column and factor with equal letters do not significantly differ from each other at the 0.05 level (LSD). When reporting the impact of 
treatments for each soil layer, letters “a”, “b”, “c” and “d” were used to indicate differences in the 0-5 cm soil layer, and “x”, “y” and “z” for the 5-








Table 2.25. Average soil chemical properties for the 0-20 cm soil layers by treatments, for site C. 
Factor SOM pH CEC EC NO3-N P K SO4-S Ca Mg Na 






t CON - - 7.04 - - - 121.4 b 7.0 bc - - - 
CM - - 7.24 - - - 161.8 a 7.9 ab - - - 
WB - - 6.53 - - - 124.6 b 6.6 c - - - 








0-10 - - 6.74 a - - - 165.3 a 6.7 a - - - 
CON 1.58 b 5.73 c - 0.10 b 7.2 b 12.8 b - - 678.0 78.5 b 7.8 
CM 1.83 a 6.20 a - 0.13 a 11.9 a 47.3 a - - 749.5 119.3 a 7.3 
WB 1.60 b 5.83 bc - 0.09 b 6.5 b 13.0 b - - 640.3 77.8 b 7.0 
CMWB 1.85 a 6.15 ab - 0.13 a 10.7 a 56.8 a - - 724.3 116.8 a 7.5 
10-20 - - 7.38 b - - - 118.4 b 8.4 b - - - 
CON 0.95 5.28 - 0.07 3.7 14.0 - - 579.3 63.8 8.8 
CM 0.95 5.15 - 0.08 4.6 24.3 - - 549.5 67.0 9.5 
WB 1.00 5.23 - 0.07 3.3 18.3 - - 566.8 68.0 8.3 
CMWB 0.98 5.10 - 0.07 3.9 28.3 - - 476.5 54.5 9.3 
 trt - - 0.2935 - - - 0.0233 0.0068 - - - 
 depth - - 0.2070 - - - 0.0088 0.0060 - - - 
 0-10 0.0032 0.0253 - 0.0045 0.0004 <.0001 - - 0.3244 0.0007 0.6500 
 10-20 0.9052 0.6958 - 0.4006 0.7919 0.1683 - - 0.3677 0.5461 0.2307 
 trt*depth 0.0098 0.0009 0.3747 0.0541 0.0222 0.0010 0.0591 0.3450 0.0005 0.0004 0.0530 
Note: When significant trt*depth interaction was found, p values for differences between treatments, and treatment means were reported for each 
of the soil layers. If no trt*depth interaction was detected, main effects for each of the treatment factors were included in the table. Means in the 
same column and factor with equal letters do not significantly differ from each other at the 0.05 level (LSD). When reporting the impact of 
treatments for each soil layer, letters “a”, “b”, “c” and “d” were used to indicate differences in the 0-10 cm soil layer, and “x”, “y” and “z” for the 







Table 2.26. Average soil physical properties for the 0-10 cm soil layers and corn yield by treatments, for site C. 
Factor Mean Weight Diameter Water-Stable Macroaggregates Bulk Density Sorptivity Corn Yield 






t CON 1.46 26.0 1.54 0.12 c 14.09 
CM 1.49 27.7 1.47 0.15 bc 13.83 
WB 1.61 25.4 1.51 0.19 ab 13.09 








0-5 - - 1.40 a - - 
CON - - - - - 
CM - - - - - 
WB - - - - - 
CMWB - - - - - 
5-10 - - 1.61 b - - 
CON - - - - - 
CM - - - - - 
WB - - - - - 
CMWB - - - - - 
 trt 0.9847 0.9052 0.2555 0.0190 0.3362 
 depth - - 0.0004 - - 
 0-5 - - - - - 
 5-10 - - - - - 
 trt*depth - - 0.2485 - - 
Note: When significant trt*depth interaction was found, p values for differences between treatments, and treatment means were reported for each 
of the soil layers. If no trt*depth interaction was detected, main effects for each of the treatment factors were included in the table. Means in the 
same column and factor with equal letters do not significantly differ from each other at the 0.05 level (LSD). When reporting the impact of 
treatments for each soil layer, letters “a”, “b”, “c” and “d” were used to indicate differences in the 0-5 cm soil layer, and “x”, “y” and “z” for the 5-







Table 2.27. Average soil chemical properties for the 0-20 cm soil layers by treatments, for site D. 
Factor SOM pH CEC EC NO3-N P K SO4-S Ca Mg Na 






t CON - - - - - - 383.1 - - - - 
CM - - - - - - 494.9 - - - - 
CC - - - - - - 384.6 - - - - 








0-10 - - - - - - 472.3 a - - - - 
CON 1.40 b 7.65 b c 9.40 0.25 6.1 b 27.0 b - 23.2 c 1262.8 216.0 53.5 
CM 1.78 a 7.48 c 10.58 0.28 19.5 a 158.8 a - 40.8 bc 1317.5 269.8 70.3 
CC 1.65 a 7.83 ab 10.80 0.24 10.3 b 50.8 b - 59.3 ab 1487.3 244.3 59.8 
CMCC 1.85 a 7.85 a 11.73 0.27 18.6 a 158.5 a - 77.5 a 1554.8 283.5 61.0 
10-20 - - - - - - 385.6 b - - - - 
CON 1.00 7.33 xy 8.75 0.22 4.6 17.5 - 45.4 1174.5 201.0 63.8 
CM 1.08 7.20 y 10.20 0.36 10.7 24.5 - 48.0 1349.3 237.8 85.8 
CC 0.93 7.15 y 8.55 0.29 4.3 20.75 - 45.1 1133.5 201.5 63.3 
CMCC 1.00 7.40 x 8.60 0.27 8.1 31.5 - 54.3 1116.0 201.0 66.8 
 trt - - - - - - 0.1287 - - - - 
 depth - - - - - - 0.0201 - - - - 
 0-10 0.0082 0.0018 0.2042 0.0563 <.0001 <.0001 - 0.0004 0.1165 0.1062 0.5098 
 10-20 0.6348 0.0442 0.3372 0.7836 0.1075 0.9435 - 0.7918 0.2777 0.4341 0.1812 
 trt*depth 0.0015 0.0436 0.0024 0.0525 0.0263 0.0094 0.1818 0.0136 0.0009 0.0080 0.0415 
Note: When significant trt*depth interaction was found, p values for differences between treatments, and treatment means were reported for each 
of the soil layers. If no trt*depth interaction was detected, main effects for each of the treatment factors were included in the table. Means in the 
same column and factor with equal letters do not significantly differ from each other at the 0.05 level (LSD). When reporting the impact of 
treatments for each soil layer, letters “a”, “b”, “c” and “d” were used to indicate differences in the 0-10 cm soil layer, and “x”, “y” and “z” for the 







Table 2.28. Average soil physical properties for the 0-10 cm soil layers and corn yield by treatments, for site D. 
Factor Mean Weight Diameter Water-Stable Macroaggregates Bulk Density Sorptivity Corn Yield 






t CON 0.58 19.42 - 0.09 12.50 a 
CM 0.85 24.98 - 0.10 13.52 a 
CC 0.70 22.19 - 0.09 10.43 b 








0-5 - - - - - 
CON - - 1.66 c - - 
CM - - 1.61 bc - - 
CC - - 1.54 ab - - 
CMCC - - 1.50 a - - 
5-10 - - - - - 
CON - - 1.79 - - 
CM - - 1.78 - - 
CC - - 1.80 - - 
CMCC - - 1.84 - - 
 trt 0.2038 0.4013 - 0.9157 0.0311 
 depth - - - - 
 
- 
 0-5 - - 0.0020 - - 
 5-10 - - 0.4574 - - 
 trt*depth - - 0.0003 - - 
Note: When significant trt*depth interaction was found, p values for differences between treatments, and treatment means were reported for each 
of the soil layers. If no trt*depth interaction was detected, main effects for each of the treatment factors were included in the table. Means in the 
same column and factor with equal letters do not significantly differ from each other at the 0.05 level (LSD). When reporting the impact of 
treatments for each soil layer, letters “a”, “b”, “c” and “d” were used to indicate differences in the 0-5 cm soil layer, and “x”, “y” and “z” for the 5-
10 cm layer. CM= cattle manure; CMCC=cattle manure and coal char; CON=control; CC= coal char; 
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 CHAPTER 3: ENGAGING AGRICULTURAL EDUCATION STUDENTS IN 
ON-FARM RESEARCH, SOIL HEALTH AND SCIENCE LITERACY  
Agustin J. Olivo, Amy Millmier Schmidt, Richard Koelsch, and Jennifer Keshwani. 
3.1.  Abstract 
Educational research has demonstrated the value of engaging students in project-
based experiential learning, and the necessity to improve STEM integration in 
agricultural coursework and Supervised Agricultural Experiences (SAEs) for K-12 
students. Moreover, there is a need to improve public support and engagement on 
agricultural research and understanding of best management practices (BMPs). A 
program that engaged high school agricultural education program students in on-farm 
research, classroom lectures, visual demonstrations and hands-on activities focused on 
BMPs to improve soil health in agricultural land, agricultural research and science 
literacy was created and delivered at three schools located in Johnson, Pierce and 
Ogallala, Nebraska, over a four-month period. Each school was paired with an on-farm 
research study site within ten miles of the school where research was being conducted to 
quantify the effects of manure, woodchips, and coal char applications on soil health. 
Assessment surveys were delivered to teachers and students at the end of the program. 
Results of the surveys showed that the multiple resources and activities created for the 
program were highly valuable for teachers and students. Moreover, visual demonstrations 
and field assessments of soil health parameters successfully increased students’ scientific 
understanding and awareness about the importance of soil health. The format of the 
program and associated resources have high potential to constitute a successful tool for 
STEM integration into agricultural classes, as well as to support expansion of SAEs. A 
156 
 
program co-created with teachers and students based on the classes’ plans and specific 
FFA initiatives may be needed to increase the engagement of all actors. 
Keywords: agriculture, education, high school, on-farm research, soil health, STEM. 
3.2. Introduction 
3.2.1. Soil Health and On-Farm Research 
Agriculture in the United States, and all over the world, currently faces multiple 
challenges associated with delivering safe and abundant food for a growing population in 
a way that is sustainable and does not compromise the quality and availability of our 
shared natural resources for future generations. Agricultural research has always been 
responsive to the challenges facing the industry and will continue to be so. One such 
challenge is how to reduce soil loss and degradation and improving overall soil health in 
agricultural land (National Academies of Sciences, 2019). Soil health, defined as the 
“continued capacity of soil to function as a vital living system, within ecosystem and 
land-use boundaries, to sustain biological productivity, maintain the quality of air and 
water environments, and promote plant, animal, and human health” (Doran et al., 1996 
and Doran and Zeiss, 2000), is especially important to well-functioning agroecosystems. 
Although scientific understanding of the factors affecting soil health and the adoption of 
best management practices (BMPs) that help improve soil condition are increasing 
among engaged early adopters, more citizen awareness of the importance of agricultural 
research and faster adoption of soil health-related BMPs by producers is needed.  
Historically, the generation of new knowledge in agriculture, as in most fields of 
study, was completed at multiple institutions and then transferred to agricultural 
producers through Cooperative Extension programming that included field days, written 
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extension guide sheets, and presentations at local meetings. In short, “discovery” 
happened oftentimes without stakeholder involvement and was then “delivered” to those 
who were expected to adopt and benefit from the new practices or ideas. This “linear” 
transfer of new technology or information intended to impact change has recently given 
way to a more collaborative model involving farmers and other audiences in the research 
as co-creators of the new knowledge generated. The accessibility of these sites often 
spurs interest in the research in rural communities and, it is hoped, increases acceptance 
of resulting recommendations as applicable to farms near research sites (Thompson et al., 
2019). On-farm research trials, where agricultural research is performed in commercial, 
farmer-owned fields, with active participation of farmers and other local stakeholders can 
constitute a reliable technique to accelerate adoption of innovations, especially those 
related with improving agricultural soil health. 
3.2.2. STEM Education, Agricultural Education and On-Farm Research 
Improving STEM (Science, Technology, Engineering and Mathematics) 
programming in youth education instruction has been a popular discussion point in recent 
years, but often overlooked in these discussions is the potential for widespread 
engagement of youth in agricultural research and outreach in America to accomplish this. 
The active engagement of youth in scientific projects that integrate STEM-focused 
curriculum with agriculturally-relevant program delivery could help increase public 
support of agricultural research, conservation of natural resources and the implementation 
of best management practices in farming. However, while several authors indicate that an 
emphasis on the science, technology, engineering and mathematical concepts that 
underlie agricultural systems is an essential element to agricultural understanding (Bayes, 
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2018; Stofer, 2015; Wilson and Curry, 2011), STEM integration into agricultural 
education remains a challenge in many schools. Improving STEM and agricultural 
educational integration could be accomplished through the engagement of middle and 
high school students in on-farm research.  
Project-based learning is a pedagogical approach in science education where 
students explore topics relevant to them, perform investigations collaborating with each 
other, and develop learning artifacts that demonstrate scientific engagement (Kelly, 
2018). Integrating on-farm research into secondary school education lends itself well to 
project-based learning, which has been shown as an effective way to engage students in 
active learning of environmental science (Basche et al., 2016). The utilization of these 
projects within secondary school agricultural education programs could expand the 
impact of a technology-transfer tool like on-farm research, allowing students to 
personally observe and measure the effects of research treatments and improve their 
understanding of agricultural science in discussions of soil health, agricultural BMPs, 
regional soil and climate conditions, and other topics related to cropping and livestock 
systems. Integration of out-of-school resources into the curricula and practical examples 
relevant to the everyday experiences of audience members tends to improve student 
retention of the STEM-associated concepts presented and their understanding of the 
linkages to agriculture (Bayes, 2018; Stofer, 2015). Furthermore, a first-hand perspective 
of active university research would also allow for teachers and students to engage more 
closely with farmers, extension educators and researchers to broaden their understanding 
of the fields of STEM and agriculture. The interdependence of research and agriculture is 
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well demonstrated in these settings and models valuable partnerships to future 
generations, illustrating further how important STEM is in agriculture (Stofer, 2015).  
3.2.3. Agricultural Education in Nebraska 
Agricultural education is an important element of the public school system in the 
United States, where approximately 1,000,000 students receive this type of instruction 
(NAAE, 2020). Particularly in Nebraska, 189 schools impart agricultural education to 
more than 15,000 students (Nebraska Department of Education, 2020). Agricultural 
education instruction includes three important inter-related components: classroom 
instruction, experiential learning, and leadership development. “Experiential learning” is 
one of its core aspects, and it supports the inclusion of hands-on activities and on-farm 
research in secondary education in order to better understand the relevance of classroom 
content. One example of that is the supervised agricultural experience (SAE) program, 
where students apply concepts and principles learned in the classroom in real-life 
situations while supervised by the teacher. However, implementation of SAEs remains a 
challenge for some agriculture teachers and new and innovative strategies for its 
realization are needed (Retallick, 2010; Thompson and Schumacher, 1998). As such, 
agricultural education programs across the state could represent a valuable partner for 
delivering agricultural research and soil health training to youth in the state of Nebraska, 
while complementing regular class instruction, and enhancing the SAE opportunities of 
secondary school students. 
Educational research has demonstrated the value of engaging students in project-
based, hands-on learning, and the necessity to improve STEM integration in agricultural 
classes, as well as SAEs opportunities for secondary school students (Retallick, 2010; 
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Thompson and Schumacher, 1998). There is, moreover, a scientific need to improve 
public support of agricultural research, understanding of soil health and the adoption of 
soil health BMPs in agroecosystems. Thus, there is potential to advance all of these goals 
through the creation and delivery of a project-based, hands-on learning program (a 
combination of on-farm research, classrooms lectures and hands-on activities) on best 
management practices to improve soil health in agricultural land, agricultural research 
and STEM communication to agricultural education students in Nebraska.   
3.3. Materials and Methods 
3.3.1. Schools Engagement 
 To assess the effectiveness of integrating on-farm research into secondary 
agricultural education, each of the schools in this assessment were paired with one on-
farm research study site where the effects of manure, woody biomass and coal char 
applications on soil health are being assessed (Chapter 2). Three schools with agricultural 
education programs participated fully in the first year of programming (Figure 3.1). 
Instructors in each school decided which of their classes would be involved in the project 
according to general overlap of content between the teacher’s planned curriculum and 
those addressed by the project. 
School A  
School A was in Johnson, NE, and included a total of 22 student participants 
between the ages of 14 and 18 years, with an average age of 15.7 years. The students who 
participated in this program were those registered in either “Introduction to Agriculture”, 
“Plant Science”, or “Nursery/Landscape”. Other members of the Future Farmers of 
America (FFA) program at school A, regardless of their enrollment status for the classes 
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listed above, were also able to participate in the project. Initially, the students at this 
school were paired with an on-farm research study site near Julian, NE, located 19 km 
(11.75 mi) northwest from Johnson, NE. However, weather-related issues during the 
spring of 2019 prevented the establishment of research plots on this site. Therefore, the 
project development at School A was mostly executed in classroom settings, with no 
field/research work being conducted.   
School B 
School B was in Pierce, NE, and its participation included a total of nine students 
between the ages of 15 and 18 years, with an average age of 16.2 years. The students 
were enrolled in the “Plant Science/Agronomy” and “Introduction to Agriculture” classes 
at the school. The program at School B was integrated with an on-farm research site 
located 3.9 km (2.4 miles) west of Pierce, NE (42°11'44.2"N 97°34'03.5"W).  
School C 
School C was in Ogallala, NE, and its participation included a total of five 
students between the ages of 16 and 18 years, with an average age of 17 years. All of the 
students were enrolled in the “Natural Resources” class. This school’s work was linked to 
an on-farm research site located 12 km (7.5 miles) southwest of Brule, NE, and 28 km 
(17.4 miles) southwest from Ogallala, NE (41° 2' 37.5' N 101° 58' 17.5'' W).  
3.3.2. Project implementation   
 This educational program was implemented during the fall semester of the 2019-
2020 academic year, spanning roughly a four-month period. University subject area 
experts developed one primary resource for classroom use: Manure and Cedar Mulch 
from “Waste” to “Worth” Schools Curriculum. Hard copies of this publication were 
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delivered to each participating classroom prior to the beginning of the project. Teachers 
were given some initial guidelines for how to utilize these materials but timing and level 
of utilization of each of the materials provided was left up to the on-site instructors. 
Implementation of classroom activities was coordinated throughout the semester between 
teachers and project leaders. Each teacher was introduced to a flexible but comprehensive 
course schedule at the beginning of the 2019 fall semester that included a combination of 
classroom activities, presentations by invited speakers (NRCS and UNL experts), field 
work at the on-farm research sites, outreach activities and evaluation surveys. A sample 
schedule is shown in Table 3.1. The implementation of the program was determined by 
each of the partner teachers according to the needs and restrictions of their individual 
classes. A chart with learning outcomes for each of the curriculum modules was provided 
to guide the instructors in the implementation process (Figures 3.13 and 3.14). 
Manure and Cedar Mulch from “Waste” to “Worth” Curriculum 
A 170-page printed and bound curriculum was created as the main resource to 
support the classroom and field activities in the project (Figure 3.3). This book was 
compiled using predominantly existing, publicly available resources with original content 
added to supplement those resources. Educational content, lessons and associated 
experiential learning activities were organized into four modules focused on key aspects 
of the project. Concepts were organized in a logical flow, from setting up an on-farm 
experiment to understanding soil health and crop variables of interest in agricultural 
research to communicating the results of an investigation to a target audience. Each 
module included a set of primary resources with activities aimed at ensuring students 
would accomplish the learning objectives, and secondary resources for additional 
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exploration if desired. Resources needed for the implementation of the “primary 
activities” in each module were included in the main curriculum (Figures 3.4, 3.5, 3.6 and 
3.7). A set of calendars intended for use when planning the curriculum implementation 
and for keeping records of the field activities was also included at the end of the book for 
use by the teachers. Modules included in the curriculum are described here: 
• Module 1: On-Farm Research – This module introduces students to fundamental 
concepts related to initiating, designing, establishing, and implementing on-farm 
research to scientifically measure the impacts of a technology or practice. 
Subjects of relevance include discussions about hypothesis-based research 
explorations, statistically sound project designs, collection, and analysis of data, 
and drawing conclusions from data. Primary learning objectives for this module 
are to: 
o understand the fundamentals of conducting on-farm research; 
o understand how to design a valid research experiment; 
o translate a research plan into a physical environment using GIS location 
data and calibrated application equipment; and 
• Module 2: Soil Health – Because this curriculum was developed as part of a 
funded research and outreach project to investigate the impacts of manure and 
cedar mulch on crop productivity and soil health, a module focused on soil health 
was an essential component. Classroom lessons focused on soil properties and 
components, structure, biology, and metrics for evaluating soil quality and health 
in agricultural land are complemented by multiple experiential learning activities 
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to demonstrate the relevance of these measures. The learning objectives of this 
module are: 
o define soil health and understand how it impacts crop production; 
o identify important soil properties that contribute to soil health and learn 
how to measure them; 
o understand how manure and woodchips applications contribute to soil 
health; and 
o gain in-field experience in assessing soil health. 
A unique aspect of this module includes student utilization of a soil biology 
guide and smartphone microscopes to explore the soil food web. 
• Module 3: Crop Productivity – In this module, students are presented content and 
activities to learn basic concepts of crop harvesting and standardized collection 
techniques to ensure representative sampling from experimental plots. A key 
experiential learning component of this module is participating with university 
researchers in harvest activities and data collection from experimental plots, 
specifically focused on the analysis of experimental data to quantify the value of 
organic amendments used in the “waste-to-worth” on-farm research studies. The 
following learning objectives are the focus of this module: 
o increase understanding of the complex field dynamics influencing crop 
yields; 




o understand how economic analysis can be used to quantify the values of 
treatments at production scale.   
• Module 4: Outreach – Communicating scientific information in a way that 
conveys concepts and processes clearly and effectively is a skill that project 
members deem important for students to practice in pursuit of greater science 
literacy. In Module 4, students are introduced to methods by which scientific 
information or discoveries can be communicated, and tasked with identifying a 
key concept learned during the project and creating a science literacy product to 
share their new knowledge with a target audience. Learning objectives for this 
module include: 
o summarize and define key outcomes of a science literacy product; 
o understand how and why to identify your target audience; 
o understand traditional and innovative outreach methods; and 
o practice disseminating research-based data by developing an extension 
product to engage the chosen audience. 
Soil Biology Inspection Guide  
A 52-page “Soil Biology Inspection Guide” was created to assist students in 
identifying and understanding the roles of soil organisms discovered during hands-on soil 
inspections with a smartphone microscope. This activity was included in Module 2 of the 
Curriculum (“Soil Health”) as a supplemental learning activity intended to improve 
understanding among students of the soil food web and its role in soil health. The main 
theoretical concepts covered were soil organism functional groups (Turbé et al., 2010), 
biological “hot spots” of soil function (Kuzyakov and Blagodatskaya, 2015), the soil food 
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web (Ingham et al., 2000), and nutrient cycling in agricultural land. “Group Discussions”, 
“Knowledge Check” charts, QR codes to access YouTube videos related to the topics 
covered, and instructions on how to use the phone microscopes were included in the 
guide. A printed and bound copy of the guide (Figure 3.8) and a smartphone microscope 
(Figure 3.9) were provided to each student participating in the project.  
Soil Health Program 
Project leaders at the University of Nebraska-Lincoln, along with representatives 
from the Natural Resources Conservation Service (NRCS), delivered a two-hour program 
at each of the schools involved in the project that focused on concepts from Modules 1 
and 2 of the Curriculum. Classroom instruction included presentations addressing the 
scientific method, implementation of on-farm research, soil and water resources 
management in agroecosystems, BMPs to improve soil health in farmland, and hands-on 
tests to compare quality of soils under different management strategies (e.g. slake test, 
water infiltration simulation, and rainfall simulator) (Figure 3.10). In-field activities were 
performed at the associated research sites for schools B and C. No field work was carried 
out at school A due to the weather-related prevention of on-farm research at the nearby 
study site. The in-field component included multiple hands-on activities whereby the 
students performed a soil health assessment based on a worksheet provided by NRCS. 
The main assessment points were field management history, water infiltration, soil 
organic matter (Munsell soil color scale), soil structure, structure type, surface condition, 




To complement the “waste to worth” analysis activities in Modules 2 and 3 of the 
Curriculum, a 30-minute video presentation about the “value of organic soil amendments 
in agriculture” was recorded by project leaders at UNL and delivered to each of the 
teachers for in-class viewing. The main points covered in the presentation included the 
soil health, agronomic and economic values of organic amendments (Figure 3.11).  
Each of the participating classrooms was provided with a wall calendar to keep 
records associated with the implementation of the on-farm research project to help the 
students follow along with research activities (Figure 3.12). Each instructor was also 
provided with materials relating to improving science literacy and science 
communications to guide the implementation of Module 4 (“Outreach”) and the creation 
of an outreach product by the students.  
3.3.3. Evaluation 
Evaluation of the program impacts and outcomes was conducted using two 
evaluation instruments: a teachers’ fidelity rubric and a student survey. 
Teachers’ Fidelity Rubric 
A digital fidelity rubric was developed to collect general information and 
assessment data from participating teachers. Following review of the fidelity rubric by 
the University of Nebraska-Lincoln Institutional Review Board (IRB), a certification of 
exemption of the project for the Protection of Human Subjects was issued (Figure 3.2).  
The fidelity rubric was delivered to each of the teachers at the end of the project (Tables 
3.2 and 3.3) and included three main sections: 




• Section 2: General Feedback – Teacher perceptions of project resources 
and development; and 
• Section 3: Project Development – Implementation of Curriculum and 
completion of ten core project activities related to learning objectives 
(Table 3.3), time invested and specific feedback. 
Students Surveys 
A 23-question survey was delivered to students at the end of the program (Figures 
3.15, 3.16 and 3.17) to assess perceptions and impacts of the project. Following review of 
the survey by the University of Nebraska-Lincoln Institutional Review Board (IRB), a 
certification of exemption of the project for the Protection of Human Subjects was issued 
(Figure 3.2). Parent-Guardian Informed Consent Forms and Student Assent Forms were 
collected from all participants prior to survey completion. Both printed and digital 
versions of the survey were provided and teachers decided what format to implement. 
Open-ended and Likert-scale questions were used in most of the sections. A Likert scale 
is a type of psychometric response scale widely used in research surveys (Essays UK., 
2018), and specifically in assessing outcomes of project-based and experiential learning 
instruction with middle and high school students (Basche et al., 2016; Freije et al., 2017). 
All responses were collected anonymously. The survey included three sections:  
• Section 1 (Figure 3.15): Ten retrospective pre- and post-Likert scale 
format questions were utilized to assess student change in understanding 
of and knowledge about topics addressed in the project. The students were 
asked to indicate how well they think they understood specific concepts 
169 
 
before and after the implementation of the project using a four-option 
scale (very well, pretty well, not very well, not at all well).   
• Section 2 (Figure 3.16): Five statements were provided to define student 
attitudes related to project implementation, soil health, agricultural 
research, and agricultural careers. Students were asked to indicate their 
agreement with the statements using a five-option standard Likert scale 
(strongly agree, agree, neither agree nor disagree, disagree, strongly 
disagree).  
• Section 3 (Figure 3.17): Five standard demographic questions were asked. 
Three open-ended questions invited specific feedback on what student 
liked, disliked or wished to learn more about relative to the project content 
and methods of implementation.  
3.3.4. Data Analysis  
Qualitative analysis was performed on teacher responses to open-ended questions 
about perceptions of their implementation of the project (Teacher Fidelity Rubric, 
Section 2). Responses by teachers to questions about project implementation and time 
investment (Teacher Fidelity Rubric, Section 3) were used to determine the proportion of 
the total number of activities provided in the supplied materials that were implemented 
and total classroom hours dedicated to project implementation. Specific comments from 
teachers were cited and the self-reported numbers of times certain topics were addressed 
by them were tallied. 
A similar approach was used to analyze responses to open-ended questions in the 
student surveys. Specifically:  
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• Responses to the question “What did you like the best about this project?” 
were grouped into seven categories (code created after reading all 
answers) according to what was explicitly addressed in each individual 
student’s answer (program in general, soil health program, soil biology 
guide activity, field and hands-on activities, outreach activities, learning 
about soil health, learning about agricultural research), and the proportion 
of responses in each category were determined. 
• Responses to the question “What did you like the least about this project?” 
were grouped into seven categories (code created after reading all 
answers) according to what was explicitly addressed in each individual 
student’s answer (nothing, timing of the project, portions of “soil health 
program”, not participating more in on-farm research, learning about soil 
health, soil biology guide activity, bad weather during field activities), and 
the proportion of responses in each category were determined.  
• Responses to the question “If there is anything from this project that you 
would like to learn more about, please say here:” were grouped into five 
categories (code created after reading all answers) according to what was 
explicitly addressed in each individual student’s answer (nothing, to learn 
more about the project in general, to learn more about soil health, to learn 
more about other agricultural concepts, to participate more on research 
and hands-on activities), and the proportion of responses in each category 
were determined.  
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Answers in Likert-scale format from Section 1 of the Student Survey were 
expressed using a numeric scale from 1 to 4 (1=not at all well, 2=not very well, 3=pretty 
well, 4=very well); means and standard deviations were calculated for each of the 
questions. Mean responses for each of the questions were classified according to different 
“levels of understanding” in each of the topics as follows:  
• 1 to 1.5 = Very Low 
• 1.6 to 2.5 = Low 
• 2.6 to 3.5 = Intermediate 
• 3.6 to 4.0 = High 
 Responses in Likert-scale format from Section 2 of the Student Survey were 
transformed into a numeric scale from 1 to 5 (1=strongly disagree, 2=disagree, 3= neither 
agree nor disagree, 4=agree, 5= strongly agree); means and standard deviations calculated 
for each of the five statements. Mean response values were arranged according to 
different “levels of agreement” with the statements as follows: 
• 1 – 1.5 = Strongly Disagree 
• 1.6 – 2.5 = Disagree 
• 2.6 – 3.5 = Neither Agree nor Disagree 
• 3.6 – 4.5 = Agree 
• 4.6 – 5 = Strongly Agree 
3.4. Results  
3.4.1. Teachers Fidelity Rubric 
General Feedback (Teacher Fidelity Rubric, Section 2) 
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The teacher from School A indicated that the “most valuable aspects of the 
project” was that outside organizations can “prove” to students that soil science is 
important. The teacher from School B indicated that students participating in field 
research to reinforce the concepts covered in the classroom was most valuable, while the 
teacher from School C valued the materials provided, in general, and the hands-on 
activities and soil health visual demonstrations delivered during the on-site Soil Health 
Program, specifically. 
In response to “Which were the most valuable resources/activities for you and 
your class?”, two teachers (Schools A and B) identified the Soil Health Program. For this 
same question, the teacher from School B also identified the Manure and Cedar Mulch 
from “Waste” to “Worth” Curriculum and the opportunity to participate in the field 
research, while the teacher from School C identified the Soil Biology Guide and related 
experiential learning activities.  
In response to the question regarding the “aspects of the project that could be 
improved”, the teacher from School B indicated that the smartphone microscopes were 
not used very much. The teacher from School C indicated that they had trouble fitting the 
program into their established curriculum, because they were not fully aware of all 
resources available in the program initially. The same teacher also indicated that more 
context and guidance should have been provided for implementation of Module 4 
(“Outreach”); for example, they indicated a desire for suggestions on how to make this 
activity a “contest” between groups of students. 
When asked if there were specific resources/activities that they would like to see 
included, teachers from Schools A and B indicated a desire to have more involvement in 
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the field-work aspect of the project. Teachers from Schools A and C suggested offering 
recommendations for how to incorporate this program into FFA activities (e.g. 
Agriscience Fair, agronomy contests, and land evaluation contests). 
When asked if they plan to use these resources again, all teachers indicated that 
they will utilize them in the future. The teacher from School A specifically noted 
continuing to use the lesson about “soil components and properties”, as well as the phone 
microscopes, while the teacher from School B indicated their intent to use the entire main 
curriculum again with special emphasis on the on-farm research module to prepare 
students for the FFA Agriscience Fair.     
Project Development (Teacher Fidelity Rubric, Section 3) 
The teacher from school A reported covering seven activities of those listed in the 
fidelity rubric during the program, that represented two of the four modules (Table 3.4). 
Total time invested in the program throughout the semester at School A was 
approximately 6 hours. Six of the seven activities implemented were from Module 2 (Soil 
Health) and included Lesson 1 (Soil components and physical properties), Lesson 2 (Soil 
bulk density), Lesson 3 (Soil organic matter), and Lesson 4 (Soil quality measurements), 
in addition to the Soil Biology Guide activity using phone microscopes and the in-
classroom Soil Health Program. Between 30 to 50 minutes were invested in each of the 
activities implemented. 
The main activity in Module 4 (Outreach) was also implemented at School A. 
Students created a video (2 min, 20 s in length) summarizing their participation in lessons 
and hands-on activities, and describing concepts they learned (Figure 3.18). No activities 
from Modules 1 (On-farm Research) or 3 (Crop Productivity) were executed by the 
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teacher at School A. Teachers from both School A and C noted the overlap between the 
content in Module 2 (Soil Health) and their planned class content as motivation for 
utilizing this module extensively.        
The teacher at School B reported that 9 of the 10 activities listed in section 3 of 
the Teacher Fidelity Rubric were implemented, either totally or partially, accommodating 
student exposure to activities in all four modules of the Curriculum (Table 3.5). Total 
time invested in the program throughout the semester was approximately 27 hours for 
School B. For Module 1 (On-farm Research), about 8.25 hours were invested in working 
within Lesson 1. In Module 2 (Soil Health), Lessons 1, 2, 3, and 4 were all addressed in 
the class, with 120, 90, 90 and 270 min invested on them, respectively. The Soil Biology 
Guide activity and the complete Soil Health Program – including the field session – were 
also implemented at School B. For Module 4 (Crop Productivity), 4 hours were invested 
in Lesson 1 (Harvesting). Finally, 2 hours were dedicated to Module 4 (Outreach), where 
participants delivered a presentation to students in the 5th grade of the local elementary 
school (Pierce Elementary). A total of two trips to the on-farm research site were 
completed by participating students, with one of them being part of the Soil Health 
Program and the other being to observe the experimental design and help researchers 
collect plot soil samples for analysis of soil biological properties. The teacher from this 
school indicated that students particularly enjoyed the “on-farm research” lesson (in 
Module 1) and the “soil quality measurements” lesson (in Module 2). 
Seven activities of the ten listed in section 3 of the Teachers’ Fidelity Rubric were 
incorporated into classes by the teacher in School C, partially covering 3 of the 4 modules 
in the Curriculum (Table 3.6). Total time invested in the program throughout the 
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semester was approximately 7 hours. Lessons 1, 3 and 4 in Module 2 were covered, with 
an average time of 50 minutes invested in each of them. Within this module, an 
unreported amount of time was dedicated to the Soil Biology Guide activity and around 
120 min to the Soil Health Program, which included the field portion where students 
visited the research site. No other visits to the field were carried out for students at 
School C. As a part of Module 4 (Outreach), students recorded a video (47 s) and 
developed an infographic, both addressing advantages and disadvantages of till and no-
till management practices from a soil health perspective (Figure 3.19). Activities from 
Modules 1 and 3 were not implemented in the classroom at School C; however, the 
supplemental “value of organic amendments” video was viewed by the students. 
Additional comments by the teacher from School C indicated that the Soil Health 
Program (classroom presentation, hands-on demonstrations, and soil health assessment in 
the field) was the most interesting activity for the students.   
3.4.2. Student Survey 
General Understanding of Concepts (Section 1 of Survey) 
Thirty-six students participated in this program across the three partnering 
schools. Self-reported understanding among students of the topics included in the 
program prior to participation was low (mean response between 1.6 and 2.5) for “how to 
measure soil properties”, “how manure applications on the soil surface can affect soil 
health”, “how woodchip applications on the soil surface can affect soil health”, “the key 
factors to consider when building an outreach product to share information with an 
audience”, and “the agronomic and soil health value of manure applications in 
agricultural land”. However students self-reported an intermediate level of understanding 
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(mean response between 2.6 and 3.5) for “how to do on-farm research”, “how to design a 
research experiment”, “what soil health means”, and “how soil health affects crop 
production”. None of the statements evaluated fell initially into the “very low 
understanding” or “high level of understanding” categories (Table 3.7) (Figures 3.22 and 
3.23).  
After the implementation of the project, participants perceived that their level of 
understanding had increased an average of one level for all of the statements included in 
section 1 of the survey, except for the categories “how to do on-farm research” and “how 
to design a research experiment”. These two categories remained in the values 
corresponding to an “intermediate” level of understanding before and after the 
implementation of the project (average response between 2.6 and 3.5). According to the 
students’ responses, a high level of understanding (average response between 3.6 and 4.0) 
was achieved for the categories “what soil health means”, “how soil health affects crop 
production” and “what soil properties are important for soil health” (Table 3.7).  
Students at School A (n=22) reported a mean knowledge gain of at least one level 
of understanding in eight of the categories evaluated in section 1; for three categories, 
self-reported knowledge gain was two levels greater at the completion of the program 
(Table 3.8). Students at School B (n=9) reported a mean knowledge gain in seven of the 
categories with a “high” level of understanding reported for six of the seven (Table 3.9). 
At School C (n=5), the mean understanding for nine of the categories increased with two 
of them increasing to a “high” level of understanding (Table 3.10).  
Students’ Perceptions (Section 2 of Survey) 
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Mean response among the three schools for the questions in section 2 of the 
survey indicate that students “agreed” (average response between 3.6 and 4.5) with the 
statements “I had hands-on experience observing and measuring soil health variables” 
(statement 1), “I am more interested in agricultural careers because of this project” 
(statement 2), “I am more interested in agricultural research because of this project” 
(statement 3),  “I am more confident research can help solve different problems in the 
agricultural sector” (statement 4), and “I believe that soil health is important to 
sustainable cropping systems” (statement 5)”, with mean responses of 4.0, 3.7, 3.8, 4.3 
and 4.5, respectively (Table 3.11).  
Responses from students at School A followed the same general pattern as the 
overall participant means, except for a mean response in the “strongly agree” category for 
the statement regarding the importance of soil health to sustainable cropping systems. At 
School B, students “agreed” with statements 1, 4 and 5, and “neither agreed nor 
disagreed” with statements 2 and 3. Students at School C “strongly agreed” with 
statement 1, “neither agreed nor disagreed” with statement 2, and “agreed” with 
statements 3, 4 and 5.  
Students’ Responses to Open-ended Questions (Section 3 of Survey) 
When asked what they liked the best about the program, 47.2% of students (n=36) 
indicated the Soil Health Program, 41.7% the field and hands-on activities, and 16.7% 
learning about soil health (Table 3.12). Less than 10% of the students also mentioned the 
program in general, the Soil Biology Guide activity, the outreach activity, and learning 
about agricultural research. Responses from students at School A followed a similar trend 
to the overall responses. At School B, 100% of the students indicated what they liked the 
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best about the project were the field and hands-on activities. At School C, 100% of the 
students mentioned the Soil Health Program and 40% explicitly mentioned field and 
hands-on activities. 
In response to the questions, “What did you like least about this project?” 25% of 
students responded “nothing”; 19.4% said they wanted to participate more in the on-farm 
research (Table 3.10). Bad weather during field activities was noted by 16.7% of the 
respondents and the same percentage indicated they did not enjoy some portions of the 
Soil Health Program (passive portions of the program). A smaller number of students 
mentioned disliking aspects related to the timing of the project, the Soil Health Program 
contents, and the Soil Biology Guide activity.  
Finally, when asked if there is anything from this project that they would like to 
learn more about, approximately two-thirds of students indicated “nothing” (61.1%). 
Some students indicated they would like to learn more about soil health (13.9%), other 
agricultural concepts (11.1%), research and hands-on activities (11.1%), and the program 
in general (2.8%). 
3.5. Discussion 
Only one of the participating schools (School B) implemented nearly all of the 
program (10 core activities in the Teachers’ Fidelity Rubric), while the other two schools 
implemented smaller portions of the overall program (Tables 3.4 through 3.6); thus, it is 
unsurprising that not all of the program goals and learning objectives were achieved for 
each participating student. 
3.5.1. Teachers’ Perceptions of Provided Resources  
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Teachers highly valued the Soil Health Program and the activities contained in 
the Curriculum. In addition, all participating teachers indicated their intent to use these 
resources in the future. This is evidence that the resources provided and activities in 
which students participated – particularly those from Module 2, which were implemented 
in all participating schools – were appropriate for high school students. In future 
programming, therefore, these resources can be expected to be successfully utilized for 
soil health instruction in secondary education. Regarding the “Soil biology guide”, one 
teacher indicated it was highly welcomed by the students, and another teacher that it may 
be more suitable for a younger audience. More testing of this particular resource may be 
needed to assess its best fit with a target audience. 
3.5.2. Teachers’ Perceptions of Project Implementation  
Although an implementation plan for the project was discussed with each of the 
teachers (Table 3.1), a more detailed program that includes improved guidance on how to 
incorporate the resources into existing teaching programs may be needed for a greater 
percentage of activities to be implemented in the classroom. In future programming, 
teachers and students’ opinions and needs should be considered in a greater extent while 
creating the plan.  
Retallick (2010) and Wilson and Curry (2011) reported that some of the most 
important barriers to greater integration of science into agricultural education and 
implementation of supervised agricultural experiences (SAEs) among agricultural 
teachers are lack of equipment, funding, time and training. Resources provided through 
this project may have addressed some of those barriers, potentially explaining why 
participating teachers in this program viewed the curriculum and the opportunity to 
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become engaged in an established research project appealing. However, as described, 
time may still be a limitation for teachers to properly execute agriscience projects like 
this one. Specifically, in this project, a teacher shared that they were not fully aware at 
the beginning of the project of all the resources available and how they may fit into the 
planned schedule of their class(es). It is important to note that project personnel 
conducted web-based meetings with each participating teacher before the beginning of 
the project during which a detailed description of resources, lessons in the Curriculum, 
and a proposed schedule for the following semester were discussed. In retrospect, the 
time spent may not have been sufficient for teachers to be fully aware of what was 
available to be implemented in the classroom. While additional time dedicated to 
introducing the available resources to teachers is likely warranted, the constrained 
availability of time on the teachers’ side is not unrecognized. In connection with this 
issue, a teacher noted that it would be useful to have more recommendations on how to 
incorporate this program into existing FFA activities, like agriscience fair, agronomy 
contests and land evaluation contests. Therefore, it seems clear that limited time on the 
part of teachers, along with a lack of detailed guidance on how to properly fit the project 
into the classes, may have collectively impacted the effective implementation of the 
program at the schools. Through this experience it was shown that it is of critical 
importance to take into account the teachers input and specific needs when designing 
similar programming, and before its implementation. Potential options on how to address 
this topic would be to organize face-to-face gatherings between teachers and researchers, 
where all participants may be expected to have more time to work on the planning aspect 
of the project. This could be an opportunity to personally introduce resources available 
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for teachers and students, receive feedback, and discuss options for the curriculum 
implementation in each of the classrooms. Annual events where agricultural education 
teachers from all over the state gather in specific places could provide a suitable context 
for this meeting. Furthermore, individual or group virtual meetings throughout the 
semester while the project is being implemented may provide extended opportunities for 
coordination of activities, or to solve any problems that may rise with the 
implementation.  
The degree to which students engaged in activities at the on-farm study sites 
varied substantially among schools. Students from School A were unable to participate in 
any on-farm activities; those from School B had two opportunities to engage in study site 
activities; and students at School C made a single trip to their nearby study site. While a 
strategy of “open-ended” coordination between teachers and researchers for field 
activities (i.e. not having a strict set of field activities in which the students were expected 
to engage) did not necessarily guarantee close contact of the students with the field 
research activities, the limited engagement of students with field activities was not the 
result of disinterest or devaluation of these opportunities by the students or teachers. Two 
of the participating teachers explicitly highlighted the opportunity to engage in research 
activities in the field as one of the most valuable aspects of the project. Another teacher 
indicated that this aspect of the project should be improved and all three noted the 
prospective value of relating these activities to the Agriscience initiative within FFA. 
Therefore, although the implementation of this project did not satisfy expectations on 
student engagement with field research work, there is notable interest among 
participating teachers to further explore this unique opportunity. Similarly, previous 
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programs have documented the interest of coaches who prepare FFA students for relevant 
agriculturally-focused competitions to implement field and hands-on activities as 
experiential learning opportunities for students in Nebraska, Iowa and Indiana (Freije et 
al., 2017). Incidentally, all teachers in the current study expressed their belief that the Soil 
Health Program, which included multiple hands-on and field activities for two of the 
schools, was of high value as a learning mechanism for the students. This reinforces the 
fact that experiential learning opportunities for students are greatly welcomed by their 
agricultural program instructors. In addition, teachers again highlighted the formal 
framework associated with the existing Agriscience Fair for accomplishing these 
experiential learning goals. FFA Agriscience is a national program, framed within the 
FFA supervised agricultural experience (SAE) program, with the objective of promoting 
middle and high school student engagement in experiences whereby they explore and 
apply scientific principles and emerging technologies to solve problems related to 
agriculture, food and natural resources systems (National FFA, 2017). The research 
immersions usually include analytical, experimental and invention formats, and students 
are expected to focus on important agricultural issues, define research objectives, and 
follow a scientific process to collect and analyze data. Students can participate in the 
National FFA Agriscience fair either individually or in teams, while they are in grades 7-
12. Projects need to be included in one of the six competing categories, and undergo state 
selection before moving into the national level. Projects presented by students can be part 
of larger research project, but the specific activities in the contest need to be of their own 
creation. In order to be part of the competence, the presentation of the project needs to 
include a “log book”, and a written report. FFA Agriscience would likely provide a 
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valuable context for future implementation of a project-based, hands-on and experiential 
learning initiative like this one. A more detailed and well-articulated plan that supports 
student participation in multiple meaningful activities associated with on-farm research 
could be remarkably useful and welcomed by teachers and students in the context of the 
FFA Agriscience program.  
Although there is high potential for this type of project that integrates experiential 
learning through participation in on-farm research, hands-on independent learning 
activities and classroom instruction to constitute a successful tool for STEM integration 
into agricultural classes, as well as to support expansions of SAEs, adapting the project to 
more intently support existing FFA initiatives will likely improve adoption and impact. 
Likewise, greater focus on engagement of students in on-farm research activities is likely 
needed to effectively increase engagement of teachers and students in the program. For 
example, organizing contents of the lessons in the main curriculum to align more 
appropriately with existing teaching efforts and standard educational goals may allow 
teachers to more effectively integrate the program deliverables into their existing 
instructional plans. In an incidence where contents of the curriculum from this project are 
already incorporated into a teacher’s instructional plans, engagement of students may 
need to focus intently on experiential learning through participation in research activities. 
Implementing strategies that help researchers identify the teachers’ specific needs when 
creating the programs seems likely to contribute to the overall success of the project. 
Joint design between investigators and teachers of meticulous plans for participation of 
students in soil-related agriscience projects have resulted in successful experiences in the 
past (Moebius-Clune et al., 2011). Likewise, including student input during creation of a 
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research plan may help achieve a more meaningful experiential learning process for them 
(Arnold and Osborne, 2015; Kelly, 2018). A well-defined plan that is co-developed by 
researchers, teachers and students could provide advantages that result in a more 
complete project-based learning process than what was accomplished under the current 
program. Additionally, more active participation by students in all steps of the research 
process, such as plot establishment, on-site data collection and even data analysis, may 
help expedite these onerous tasks while enhancing the scientific literacy of the students 
(Baumgartner et al., 2006). 
A plan for future implementation of a similar program, based on the initial plan 
created for this project and the feedback received from students and teachers is shown in 
figures 3.20 and 3.21. 
3.5.3. Students’ perceptions and knowledge gained  
As previously described, Schools A and C largely implemented activities 
encompassed in Module 2 (Soil Health) and Module 4 (Outreach). School B completed 
activities from all modules. Therefore, when assessing knowledge gained by students due 
to the implementation of the project, this variability in content exposure needs to be 
considered. 
The fact that no lessons from Module 1 (On-farm Research) were delivered in 2 
out of 3 schools seems to logically explain why project assessment results did not 
demonstrate any change among students at these schools in their self-reported level of 
understanding before and after the implementation of the project, for how to do on-farm 
research and how to design a research experiment (Figure 3.22). Conversely, and 
unsurprisingly, when reviewing survey results from School B, where activities from this 
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module were delivered, students reported increased understanding of how to design a 
research experiment from “intermediate” (before the project) to “high” (after the project). 
Minor exploration of the On-farm Research module in all schools may explain why one 
of the lowest mean values for level of agreement of students was with the statement “I am 
more interested in agricultural research because of this project” (Table 3.11). Therefore, 
the On-farm Research module appears to be a reliable instrument to increase knowledge 
and awareness of secondary school students about the importance of agricultural 
research. However, greater engagement of students with study site-related activities is 
expected to improve this understanding. Creating a work plan along with the teachers that 
includes more planned visits of students to the on-farm research sites to perform 
research-related tasks may help increase their overall understanding of this topic. 
Incorporation of smaller research plots located closer to the school, with active 
participation of students and extension educators, may constitute another alternative to 
eliminate potential challenges like travel time to the on-farm sites, or bad weather that 
may constitute barriers for the participation of students. 
Module 2 (Soil Health) and lessons within were more widely implemented among 
schools compared to other modules, most likely due to a greater overlapping with the 
regular class content for the semester. This made it possible to affirm that the proposed 
strategy for Module 2 effectively helped the students accomplish the learning objectives 
suggested for the module. This section of the program could, ostensibly, be used as a 
reference for future programming among K-12 students to increase the knowledge and 
awareness of soil health and implementation of soil health-related BMPs among primary 
and secondary students. Students self-reported an increase in understanding for “what soil 
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health means”, “how soil health affects crop production”, “what soil properties are 
important for soil health”, “how to measure soil properties”, “how manure applications 
on the soil surface can affect soil health”, “how woodchip applications on the soil surface 
can affect soil health”, and “what is the agronomic and soil health value of manure 
applications in agricultural land” (Figures 3.21, 3.22).  Consistent with the content of the 
Soil Health Program, as well as the main lessons of Module 2 (soil components and 
physical properties, soil organic matter, soil quality measurements and soil bulk density), 
the highest levels of understanding (mean values between 3.6 and 4.0 points) were 
indicated for the statements, “what soil health means”, “how soil health affects crop 
production” and “what soil properties are important for soil health”. Coherent with these 
findings, the largest mean value for level of agreement of students with the statements 
included in section 2 of the survey was observed for statement 5 “I believe that soil health 
is important to sustainable cropping systems” (mean value equal to 4.5 points). 
Furthermore, 47.2% of the students explicitly indicated in section 3 of the survey that 
what they liked the best about the project was the Soil Health Program, indicating that 
this activity may have specifically influenced their understanding of the topic. This 
impact could likely be attributed to the interest students expressed in the format of the 
soil health program: 41.7% of them noted that what they appreciated the most about the 
project was the field and hands-on activities implemented, mostly within the Soil Health 
Program (soil health visual demonstrations in the classroom setting and assessment 
activities in the field). Smart et al. (2017) and Schott (2018) demonstrated the 
effectiveness of soil health demonstrations similar to those performed under this project 
in changing behaviors and knowledge levels of their target audiences. 
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The appreciation by students of hands-on and field activities to support learning is 
also demonstrated by their responses to the open-ended question, “What did you like the 
least about the project?”, where 19.4% of the students indicated “not participating more 
in on-farm research”. Considering that teachers also highly valued the inclusion of hands-
on activities in the project, as well as having a larger involvement of the students on the 
on-farm research experiments, a plan with more practical activities focused on the 
research side of the program would be beneficial in future implementations and would 
likely be well-received by students and teachers. This would help increase the overall 
success of STEM integration into the agricultural program, make the program a more 
appealing SAE opportunity, and increase the awareness among students of the 
importance of agricultural research, which was not consistently observed in this project. 
Success of hands-on activities used to teach youth about agricultural or environmental 
concepts has been documented and proved by multiple studies in the past (Basche et al., 
2016; Freije et al., 2017; Kinder et al., 2015; Moebius-Clune et al., 2011). It also seems 
to be a preferred method by multiple educators to teach youth about introductory soil-
related concepts (Krzic et al., 2019). Students find more interesting, attractive, and 
meaningful to be active participants in the learning process through hands-on activities, 
compared to learning strategies that have them as passive actors. The involvement of 
students with individual activities, group projects, and real life situations improves their 
motivation, behaviors and understanding of theoretical concepts (Arnold and Osborne, 
2015). In general, “learning by doing” has been shown as an effective strategy among 
extension educational programming (Richardson, 1994). Similarly, the demonstrated 
increase in student understanding of key factors to consider when building an outreach 
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product to share information with an audience is likely, at least partly, attributable to the 
active participation by students from all schools in the creation of science literacy 
products. 
3.6.  Conclusions and future work 
The multiple resources and activities created for the program were deemed to be 
highly valuable by both teachers and students. Therefore, their use in future secondary 
school educational programming to improve understanding of and appreciation for 
agricultural research, soil health and science literacy is likely to be valuable. Moreover, 
the current strategy especially and successfully increased students’ scientific 
understanding and awareness about the importance of soil health for sustainable 
agricultural systems. However, the program as executed, was not as effective at 
increasing the understanding of and appreciation for agricultural research. A lack of a 
detailed program based on the teacher needs, that included periodical visits to the on-farm 
study sites, and time restrictions on the researchers and teachers sides may have all 
prevented greater involvement of the students with research tasks. While the format of 
the program and associated resources have high potential to constitute a successful tool 
for STEM integration into agricultural classes, as well as to support expansion of SAEs 
opportunities, a more detailed program co-created with teachers and students, based on 
the instructional plans of teachers and specifically designed to support existing FFA 
initiatives may be warranted to increase the engagement of all target audience members. 
When designing a program for agricultural education classrooms it is of critical 
importance to consider teachers and students’ needs. A program focusing more on 
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student engagement in research activities may also more effectively accomplish learning 
objectives.  
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3.8. Accessibility to Resources 
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Figure 3.1. Locations of the schools participating in the project. School A, in Johnson, NE; 









Figure 3.2. Letter of approval and exemption from the University of Nebraska-Lincoln 








Figure 3.3. Front and back covers of the 170-page Manure and Cedar Mulch from “Waste” to “Worth” Curriculum provided to participating 


















































         
       



























Figure 3.10. Visual demonstrations utilized in the classroom section of the Soil Health Program to illustrate difference in physical properties 

















Figure 3.11. Sample slides from the presentation, Value of Organic Amendments, recorded by UNL experts and delivered to each of the schools 














































































   
 
   
 



























Figure 3.20. Potential structure of a future program based on the current plan and the feedback collected during the first year of implementation 
(Module 1 and Module 2).   
Learning Objectives Key questions to be answered Activity Coordinator Target Audience
Why is on-farm research important? In which contexts can be used?
Instruction using the on-Farm 
Research Lesson 
Teacher All class
Which are the steps and key points of on-farm research? 
Visit to the on-farm research 
study site to mark plots, or 
visualize the final design in the 
Researchers All class
2. Understand how to design a valid 
research experiment.
How do we test a hypothesis in on-farm research? 
Learning Objectives Key questions to be answered Activity Coordinator Target Audience
1. Define soil health and understand how it 
impacts crop production.
What does the term “Soil Health” refer to? Why is it important for 
crop production?
Instruction using lessons on soil 
health module
Teacher All class
2. Understand how manure and woodchip 
applications contribute to soil health, and 
crop production
How does manure applications affect soil physical, chemical and 
biological properties?
Extension Publication "Manure 
effects on soil organisms and soil 
quality" (main book)
Researchers (video call, 
recording, etc.)
All class
Which are the most important soil chemical properties? How can 
manure/mulch applications affect that application?
Students work in groups Teacher Students in groups
Which are the most important soil physical properties? How can 
manure/mulch applications affect those properties?
Students work in groups Teacher Students in groups
Which are the most important soil biological properties? How can 
manure/mulch applications affect those properties?
Students work in groups Teacher Students in groups
What are important crop parameters that can be affected by 
magement practices? How can manure/mulch applications affect 
those parameters?
Students work in groups Teacher Students in groups
How to perform an assesement of soil chemical properties?
Sampling in on-farm research 
study site
Researchers Students in groups
How to perform an assesement of soil moisture?
Sampling in on-farm research 
study site
Researchers Students in groups
How to perform an assesement of soil earthworms?
Sampling in on-farm research 
study site
Researchers Students in groups
How to perform an assesement of water infiltration?
Sampling in on-farm research 
study site
Researchers Students in groups
How to perform an assesement of other soil variables of interest? 
Sampling in on-farm research 
study site
Researchers Students in groups
How to perform an assesement of weed population?
Sampling in on-farm research 
study site
Researchers Students in groups
How to perform an assesement of yield?
Sampling in on-farm research 
study site
Researchers Students in groups
How to perform an assesement of other crop-related variables?
Sampling in on-farm research 
study site
Researchers Students in groups
4. Gain in-field experience in assessing soil 
health.
3. Identify soil and crop properties and 
parameters that contribute to sustainable 
crop production, as well as how 
management practices like applications of 





















































Figure 3.21. Potential structure of a future program based on the current plan and the feedback collected during the first year of implementation 






















Learning Objectives Key questions to be answered Activity Coordinator Target Audience
1. Introduce the students to analytical 
methods to compare experimental results.
How to perform an statistically sound analysis of the data collected? 
How to make conclusions out of data collected?
New resources need to be created Researchers Students in groups
2. Summarize and define key outcomes. Which are the main concepts learned during the project? Researchers Students in groups
Learning Objectives Key questions to be answered Activity Coordinator Target Audience
1. Understand how and why to identify your 
target audience.
Teachers Students in groups
2. Practice disseminating research-based 
data by developing a product to engage your 
chosen audience.
Teachers Students in groups
Create at least one outreach 
product about the main concepts 
learned during the project, 






































Figure 3.22. Average responses and standard deviations for section 1 of the students’ survey at schools A, B and C (n=36), before and after the 









Figure 3.23. Average responses and standard deviations for section 1 of the students’ survey at schools A, B and C (n=36) before and after the 













Table 3.1. Sample project schedule shared with teachers prior to project implementation.  
Potential Schedule – Fall 2019 
Activities Timeframe 
Meeting with Teachers August 2019 
Implementation of activities within the main curriculum according to teachers’ 




Soil Health Program 
September 2019 
October 2019 
Field activities (plot layout for 2nd year, harvest, soil health measurements) 
October 2019 
November 2019 
Activities around the value of organic amendments  November 2019 
Activities in Outreach Modules December 2019 
















Table 3.2. Sections 1 (“General Information”) and 2 (“General Feedback”) of the Teachers Fidelity Rubric. 
Section 1: General Information 
Question Answer 
Class/Classes involved with the project:  
Number of Students involved in the project:  
Age(s) of students involved in the project:  
Year of school of students involved in the project:  
Section 2: General Feedback 
Question Answer 
What are the most valuable aspects of this project from your perspective?  
Which were the most valuable resources/activities for you and your class?  
What aspects of the project could be improved?  
Are there specific resources/activities that you would like to see included?  
















Table 3.3. Sections 3 (“Project Development”) of the Teachers Fidelity Rubric.  





If covered, what was the 
approximate amount of 
time spent? 
(minutes and/or # of class 
periods) 
Comments 
(about the implementation of 










Lesson 1: On-farm research    
*Other:    









Lesson 1: Soil components and physical properties    
Lesson 2: Soil bulk density    
Lesson 3: Soil organic matter    
Lesson 4: Soil quality measurements    
Activity with soil biology guide and phone 
microscopes 
   
Soil Health Program    









Lesson 1: Harvesting    
Recorded presentation about “Value of Organic 
Amendments” 
   









“Share the Experience!” Activity (creation of an 
















Table 3.4. Summary of Teachers Fidelity Rubric responses by teacher from School A. 
Section 2: General Feedback 
Question Answer 
What are the most valuable aspects of this project 
from your perspective? 
Having outside organizations that are invested in the project to prove to students that soil science is 
important it’s not just a classroom activity.   
Which were the most valuable resources/activities 
for you and your class? 
Having the UNL rep coming to give his presentation to students (Soil health program). 
What aspects of the project could be improved? Nothing that could have been prevented.  The weather issues really through off the progress. 
We did use the phone microscopes with the soil biology guide.  Compared to the other 
lessons/activities the booklet seemed much more elementary.  Although the vivid color photos were 
great to see.   
Are there specific resources/activities that you would 
like to see included? 
I wish we could have used the soil biology activity in the field too.  I think they could be very 
interesting if we could develop an agriscience fair topic counting microorganisms in different soil 
samples. 
Do you plan to use these resources again in the 
future? Which ones? 
Yes.  I will use the lesson about soil components and properties.  We will use the phone cameras 
again. 




If covered, what was the 
approximate amount of time spent? 
Comments 
Module 1 Lesson 1: On-farm research No   
Module 2 
Lesson 1: Soil components and physical properties Yes 30-50 minutes   
Lesson 2: Soil bulk density Yes 30-50 minutes  
Lesson 3: Soil organic matter Yes 30-50 minutes  
Lesson 4: Soil quality measurements Yes 30-50 minutes  
Activity with soil biology guide  Yes 30-50 minutes  
Soil Health Program Yes 50 minutes  
Module 3 
Lesson 1: Harvesting No   
Presentation: “Value of Organic Amendments” No   








Table 3.5. Summary of Teachers Fidelity Rubric responses by teacher from School B. 
Section 2: General Feedback 
Question Answer 
What are the most valuable aspects of this 
project from your perspective? 
From my perspective the most valuable aspect of the project is the students participating in the field with 
the research team. Allowing the students to work in the field was of real benefit in regards to reinforcing 
experimental design and the on farm research lesson 
Which were the most valuable 
resources/activities for you and your class? 
The curriculum book and being able to participate in the research in the soil biological health . The soil 
day with NRCS representative was also of high value. 
What aspects of the project could be improved? We did not use the phone microscopes very much.  
Are there specific resources/activities that you 
would like to see included? 
It would be great to be involved more in the field. 
Do you plan to use these resources again in the 
future? Which ones? 
I will use these resources again. I’m planning to use the all of the curriculum, but will be using the on-farm 
research module extensively to prepare student for Agriscience research projects. 




If covered, what was the 
approximate amount of 
time spent? 
Comments 
Module 1 Lesson 1: On-farm research 
Yes 8.25  hours/ 5.5 class 
periods 
Students really enjoyed this module. 
Best way I have found to introduce 
research and experimental design. 
Module 2 
Lesson 1: Soil components and physical properties Yes 2 hours/1.5 class periods  
Lesson 2: Soil bulk density Yes 90 min/1 class period  
Lesson 3: Soil organic matter Yes 90 min/1 class  
Lesson 4: Soil quality measurements 
Yes 270 min/ 3 class periods The activities in this lesson were 
very well received by my students. 
Activity with soil biology guide  Yes   
Soil Health Program Yes 2 hours  
Module 3 
Lesson 1: Harvesting Yes 4 hours  
Presentation: “Value of Organic Amendments”    








Table 3.6. Summary of Teachers Fidelity Rubric responses by teacher from School C. 
Section 2: General Feedback 
Question Answer 
What are the most valuable aspects of this 
project from your perspective? 
The materials are very practical for the high-school classroom. I especially appreciated the UNL rep 
coming out for the demonstration. 
Which were the most valuable 
resources/activities for you and your class? 
The phone magnifying glasses were a big hit! 
What aspects of the project could be improved? I had trouble fitting it in… I think now that I have been through the materials once I have a better idea how 
they will fit in and I will use them again this spring in my agronomy class. Also, I think having some context 
for the outreach portion would be helpful, rather than leaving it open ended. E.g. a contest or something.  
Are there specific resources/activities that you 
would like to see included? 
Perhaps suggestions on how to incorporate this into FFA activities (e.g. agriscience fair, agronomy 
contests, land evaluation, etc.). I would have to put some more thought into this, because overall it was very 
good.   
Do you plan to use these resources again in the 
future? Which ones? 
Yes, see above. 





If covered, what was 
the approximate 
amount of time spent? 
Comments 
Module 1 Lesson 1: On-farm research Not really  We did not really cover this. 
Module 2 
Lesson 1: Soil components and physical properties Yes 50  
Lesson 2: Soil bulk density No   
Lesson 3: Soil organic matter Yes 50  
Lesson 4: Soil quality measurements Yes 50  
Activity with soil biology guide  Yes 50  
Soil Health Program Yes 50 
Favorite part! One of the highlights of the semester. 
[The] UNL rep did such a good job explaining 
things and really worked well with the students. 
Module 3 
Lesson 1: Harvesting No   
Presentation: “Value of Organic Amendments” Yes 30  







Table 3.7. Average responses for section 1 of the students’ survey at schools A, B and C (n=36).  
All schools 
 
Before the project, how well did you 
understand… 
After the project, how well did you 
understand… 
Mean SD Category Mean SD Category 
How to do on-farm research? 2.6 0.7 Intermediate 3.3 0.6 Intermediate 
How to design a research experiment? 2.9 0.7 Intermediate 3.5 0.6 Intermediate 
What soil health means? 2.8 1.0 Intermediate 3.7 0.5 High 
How soil health affects crop production? 3.0 0.9 Intermediate 3.6 0.5 High 
What soil properties are important for soil 
health? 
2.8 0.9 Intermediate 3.7 0.5 High 
How to measure soil properties? 2.4 0.8 Low 3.3 0.6 Intermediate 
How manure applications on the soil surface 
can affect soil health 
2.5 0.8 Low 3.4 0.5 Intermediate 
How woodchip applications on the soil 
surface can affect soil health 
2.1 0.8 Low 3.3 0.6 Intermediate 
What are the key factors to consider when 
building an outreach product to share 
information with an audience 
2.3 0.8 Low 3.1 0.6 Intermediate 
What is the agronomic and soil health value 
of manure applications in agricultural land 
2.5 0.8 Low 3.4 0.7 Intermediate 
Note: SD=standard deviation; “Category” refers to the 4 levels of understanding defined by response numerical means: 1-1.5= very low 











Table 3.8. Average responses for section 1 of the students’ survey at school A (n=22).  
School A 
 
Before the project, how well did you 
understand… 
After the project, how well did you 
understand… 
Mean SD Category Mean SD Category 
How to do on-farm research? 2.6 0.7 Intermediate 3.3 0.6 Intermediate 
How to design a research experiment? 3.0 0.7 Intermediate 3.4 0.7 Intermediate 
What soil health means? 2.8 1.0 Intermediate 3.7 0.5 High 
How soil health affects crop production? 3.0 0.9 Intermediate 3.6 0.6 High 
What soil properties are important for soil 
health? 
2.9 0.9 Intermediate 3.7 0.5 High 
How to measure soil properties? 2.3 0.8 Low 3.2 0.6 Intermediate 
How manure applications on the soil surface 
can affect soil health 
2.4 0.8 Low 3.5 0.5 Intermediate 
How woodchip applications on the soil 
surface can affect soil health 
2.2 0.7 Low 3.3 0.6 Intermediate 
What are the key factors to consider when 
building an outreach product to share 
information with an audience 
2.4 0.9 Low 3.2 0.6 Intermediate 
What is the agronomic and soil health value 
of manure applications in agricultural land 
2.5 0.9 Low 3.4 0.7 Intermediate 
Note: SD=standard deviation. “Category” refers to the 4 different levels of understanding used to classify the average means. 1-1.5= very low, 















Table 3.9. Average responses for section 1 of the students’ survey at school B (n=9).  
School B 
 
Before the project, how well did you 
understand… 
After the project, how well did you 
understand… 
Mean SD Category Mean SD Category 
How to do on-farm research? 2.6 0.9 Intermediate 3.4 0.7 Intermediate 
How to design a research experiment? 2.9 0.9 Intermediate 3.7 0.5 High 
What soil health means? 2.9 1.1 Intermediate 3.7 0.5 High 
How soil health affects crop production? 3.0 1.1 Intermediate 3.7 0.5 High 
What soil properties are important for soil 
health? 
2.9 1.1 Intermediate 3.7 0.5 High 
How to measure soil properties? 2.7 1.0 Intermediate 3.3 0.7 Intermediate 
How manure applications on the soil surface 
can affect soil health 
2.9 0.9 Intermediate 3.4 0.5 Intermediate 
How woodchip applications on the soil 
surface can affect soil health 
2.2 1.0 Low 3.6 0.5 High 
What are the key factors to consider when 
building an outreach product to share 
information with an audience 
2.1 0.6 Low 3.1 0.8 Intermediate 
What is the agronomic and soil health value 
of manure applications in agricultural land 
2.7 1.0 Intermediate 3.6 0.7 High 
Note: SD=standard deviation. “Category” refers to the 4 different levels of understanding used to classify the average means. 1-1.5= very low, 















Table 3.10. Average responses for section 1 of the students’ survey at school C (n=5).  
School C 
 
Before the project, how well did you 
understand… 
After the project, how well did you 
understand… 
Mean SD Category Mean SD Category 
How to do on-farm research? 2.2 0.8 Low 3 0.7 Intermediate 
How to design a research experiment? 2.4 0.5 Low 3.4 0.5 Intermediate 
What soil health means? 2.8 0.4 Intermediate 3.8 0.4 High 
How soil health affects crop production? 3.0 1.0 Intermediate 3.4 0.5 Intermediate 
What soil properties are important for soil 
health? 
2.4 1.1 Low 3.8 0.4 High 
How to measure soil properties? 2.2 0.8 Low 3.4 0.9 Intermediate 
How manure applications on the soil surface 
can affect soil health 
2 0.0 Low 2.8 0.4 Intermediate 
How woodchip applications on the soil 
surface can affect soil health 
1.8 0.8 Low 2.8 0.4 Intermediate 
What are the key factors to consider when 
building an outreach product to share 
information with an audience 
2.4 0.5 Low 3.0 0.0 Intermediate 
What is the agronomic and soil health value 
of manure applications in agricultural land 
2.0 0.0 Low 3.0 0.7 Intermediate 
Note: SD=standard deviation. “Category” refers to the 4 different levels of understanding used to classify the average means. 1-1.5= very low, 












Table 3.11. Average responses for section 2 of the students’ survey at schools A, B and C.  
All schools 
 
General School A School B School C 
Mean SD Category Mean SD Category Mean SD Category Mean SD Category 





4.2 0.6 Agree 4.0 0.6 Agree 4.3 0.5 Agree 4.8 0.4 
Strongly 
agree 
I am more 
interested in 
agricultural careers 
because of this 
project 












of this project 




4 1.0 Agree 
I am more 
confident research 
can help solve 
different problems 
in the agricultural 
sector 
4.1 0.7 Agree 4.3 0.5 Agree 3.9 0.6 Agree 3.8 1.3 Agree 
I believe that soil 
health is important 
to sustainable 
cropping systems 
4.5 0.6 Agree 4.6 0.5 
Strongly 
Agree 
4.4 0.5 Agree 4.4 0.9 Agree 
Note: SD=standard deviation. “Category” refers to the 5 different levels of understanding used to classify the average means. 1-1.5= strongly 







Table 3.12. Summary of responses for the open question “What did you like the best about the project?”, in section 3 of the students’ survey, at 
schools A, B and C.  
What did you like the best about the project? 
General School A School B School C 
Number %* Number %** Number %*** Number %**** 
Program in general 1 2.8 1 4.5 0 0.0 0 0 
“Soil health program” 17 47.2 12 54.5 0 0.0 5 100 
Soil biology guide activity 1 2.8 1 4.5 0 0.0 0 0 
Field and hands-on activities 15 41.7 5 22.7 9 100.0 2 40 
Outreach activities 2 5.6 1 4.5 1 11.1 0 0 
Learning about soil health 6 16.7 5 22.7 1 11.1 0 0 
Learning about agricultural research 3 8.3 1 4.5 1 11.1 1 20 
Note: “Number” corresponds to the quantity of students who explicitly indicated to have liked certain aspect of the project. “%” is equal to the 
percentage of students under each category who explicitly expressed to have liked certain aspect of the project. *Percentage calculated based on 





















Table 3.13. Summary of responses for the open question “What did you like the least about the project?”, in section 3 of the students’ survey, at 
schools A, B and C.  
What did you like the least about the 
project? 
General School A School B School C 
Number %* Number %** Number %*** Number %**** 
Nothing  9 25.0 7 31.8 1 11.1 1 20 
Timing of the project 3 8.3 3 13.6 0 0.0 0 0 
Portions of “soil health program” (In general, 
power point presentation) 
6 16.7 5 22.7 1 11.1 0 0 
Not participating (more) in on-farm research  7 19.4 3 13.6 1 11.1 3 60 
Learning about soil health 1 2.8 1 4.5 0 0.0 0 0 
Soil biology guide activity 2 5.6 2 9.1 0 0.0 0 0 
Bad weather during field activities 6 16.7 0 0.0 5 55.6 1 20 
Note: “Number” corresponds to the quantity of students who explicitly indicated to have liked the least certain aspect of the project. “%” is equal 
to the percentage of students under each category who explicitly expressed to have liked the least certain aspect of the project. *Percentage 
calculated based on n=36. **Percentage calculated based on n=22. ***Percentage calculated based on n=9. ****Percentage calculated based on 



















Table 3.14. Summary of responses for the open question “If there is anything from this project that you would like to learn more about, please say 
here:”, in section 3 of the students’ survey, at schools A, B and C.  
“If there is anything from this project that 
you would like to learn more about, please 
say here:” 
General School A School B School C 
Number %* Number %** Number %*** Number %**** 
Nothing  22 61.1 10 45.5 6 66.7 5 100 
To learn more about the project in general 1 2.8 1 4.5 0 0.0 0 0 
To learn more about soil health 5 13.9 5 22.7 0 0.0 0 0 
To learn more about other agricultural concepts 4 11.1 3 13.6 1 11.1 0 0 
To participate more on research and hands-on 
activities 
4 11.1 3 13.6 1 11.1 0 0 
Note: “Number” corresponds to the quantity of students who explicitly indicated to be interested in learning more about certain aspect of the 
project. “%” is equal to the percentage of students under each category who explicitly expressed to be interested in learning more about certain 
aspect of the project. *Percentage calculated based on n=36. **Percentage calculated based on n=22. ***Percentage calculated based on n=9. 




 CHAPTER 4: SUMMARY AND RECOMMENDATIONS 
Agustin J. Olivo. 
4.1. Key findings 
• Manure can be a reliable source of nutrients for crop growth, and may positively 
impact some soil chemical properties with a single application. However, initial 
soil conditions, and manure type may affect the overall impact this organic 
amendment has on soil properties after a single application. 
• Surface spreading of woody biomass as an amendment did not positively or 
negatively affect soil properties, after a single application.  
• More applications or longer decomposition times may be needed for manure and 
woody biomass applications to more extensively affect soil physical properties.  
• Integration of on-farm research and hands on activities with agricultural 
education instruction has high potential to improve students’ understanding of 
soil health, agricultural research and science literacy. 
4.2. Summary 
This project aimed to document and promote the use of locally available by-
products (manure, woody biomass, and coal char) as organic amendments to improve soil 
health, while engaging agricultural producers and other stakeholders in the research 
process. 
The primary objectives of this work were to:  
1) Determine the short-term effects of a single application of manure, cedar 
woody biomass and coal char – individually or in combination – on 
agronomic and soil health variables under varying agro-climatic conditions.  
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2) Assess the impact of a project-based, experiential learning program that 
engages high school students in agricultural research and outreach to improve 
student understanding of soil health, research and science literacy concepts. 
Chapter 2 of this thesis addressed objective number one. On-farm research studies 
were initiated in 2019 at four locations across the state of Nebraska to assess the impacts 
of these amendments on agricultural cropland. Study treatments included beef cattle 
manure (CM), beef cattle slurry (CS), coal char (CC), CM+woody biomass (CMWB), 
CS+woody biomass (CSWB), CM+coal char (CMCC), and control (CON; no organic 
amendment). Soil chemical and physical properties, as well as and corn yield were 
evaluated. The results of this research indicate that single manure applications can make 
significant contributions of nitrogen (N), phosphorous (P), and potassium (K) for crop 
growth, constituting a reliable resource to partially replace inorganic fertilizers. No 
changes in crop yield were observed with manure applications despite having N balanced 
among treatments. Depending on initial soil quality, single manure applications can also 
positively impact other chemical properties, like soil organic matter concentration (SOM) 
and pH; however, manure may also increase electrical conductivity (EC). In general, 
higher application rates of manure than those tested in this study, or multiple manure 
applications, may be needed to significantly impact soil physical properties in both the 
short- and long-terms.  No evidence of soil acidification or N immobilization was 
apparent with surface application of cedar woodchips, which is a common concern with 
high C soil amendments. However, soil nitrate concentrations were decreased with 
incorporation of woody biomass after harvest. Multiple applications and longer periods of 
time may be needed to observe significant changes in most of the soil chemical and 
230 
 
physical properties as a result of woody biomass application.  Finally, a single application 
of coal char significantly increased SOM concentration, pH and Sulfate-S in the top 10 
cm of soil, and decreased bulk density in the top 5 cm of soil. However, its application 
also decreased crop yield by 16% compared to the control treatment.  
Chapter 3 of this thesis addressed objective number 2. A program that engaged 
high school agricultural education program students in on-farm research, classroom 
lectures, visual demonstrations and hands-on activities focused on best management 
practices (BMPs) to improve soil health in agricultural land, agricultural research and 
science literacy was created and delivered at three schools located in Johnson, Pierce, and 
Ogallala, Nebraska, over a four-month period. Each school was paired with an on-farm 
research study site within ten miles of the school where research was being conducted to 
quantify the effects of manure, cedar woody biomass and coal char applications on soil 
health. Assessment surveys were delivered to teachers and students at the end of the 
program. According to the surveys’ results, the multiple resources and activities created 
for the program were deemed to be highly valuable by both teachers and students. 
Therefore, their use in future secondary school educational programming to improve 
understanding of and appreciation for agricultural research, soil health and science 
literacy is likely to be valuable. Moreover, the current strategy especially and 
successfully increased students’ scientific understanding and awareness about the 
importance of soil health for sustainable agricultural systems. However, the program as 
executed, was not as effective at increasing the understanding of and appreciation for 
agricultural research. A lack of a detailed program based on the teacher needs, that 
included periodical visits to the on-farm study sites, and time restrictions on the 
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researchers and teachers sides may have all prevented greater involvement of the students 
with research tasks. While the format of the program and associated resources have high 
potential to constitute a successful tool for STEM integration into agricultural classes, as 
well as to support expansion of SAEs opportunities, a more detailed program co-created 
with teachers and students, based on the instructional plans of teachers and specifically 
designed to support existing FFA initiatives may be warranted to increase the 
engagement of all target audience members. When designing a program for agricultural 
education classrooms it is of critical importance to consider teachers and students’ needs. 
A program focusing more on student engagement in research activities may also more 
effectively accomplish learning objectives.  
4.3. Recommendations for Future Research and Extension Programming 
4.3.1. Use of manure, woody biomass and coal char as soil amendments 
• Although nitrogen applications with organic and inorganic sources were 
balanced among research plots in 3 out of the 4 study sites (Chapter 2), nutrient 
management was performed according to the initial fertilization plan proposed 
by the producer. This plan, in some cases, implied the over-application of 
nitrogen compared to strict corn requirements, which may have masked the 
actual contribution of N from manure. Future research should compare the 
effects of balanced applications of N from manure and inorganic fertilizer on 
crop yield, both applied according to crop requirements.  
• Current results from the on-farm research study (Chapter 2) led to conclude that 
higher organic-N mineralization rates from beef cattle manure than those 
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initially estimated may have occurred during the cropping season. Re-estimating 
these values, according to updated literature may be needed in future research.  
• Most of the study sites exhibited poor soil chemical and physical properties at 
the beginning of the project (Chapter 2). However, fields with even inferior 
background conditions, or lower soil nutrient concentrations, may allow 
manured plots to exhibit greater benefits from extra contributions of P, K, S and 
micronutrients, for example.  
• Assessment protocols for specific soil properties may need to be adapted to 
better capture the effects of the treatments. For example, the assessment of soil 
aggregate stability may need to be performed earlier in the season, and in 
multiple occasions, to understand the effects of the amendments closer to the 
application date. Moreover, to incorporate other variables in the general 
assessment may be beneficial to comprehend the multiple benefits of organic 
amendments use. For example, agricultural producers have shown interest in 
knowing about the effect of the treatments on weed growth and population, soil 
biological properties, as well as degradation time of the amendments. To 
measure effects of treatments on soil micronutrients important for crop growth 
may also result useful for producers and their advisors.  
• Woody biomass applications should be tested in non-irrigated sites, in order to 
better understand its impact in soil temperature, soil moisture, crop growth and 
yield. 
• Effects of the incorporation of woody biomass in soil properties may need to be 
further tested to better understand its potential to reduce nitrogen losses. 
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• More variables and sampling times should be considered when performing 
research about land-application of coal combustion by-products, to better 
understand its impact on soil properties and crop growth.  
4.3.2. Extension Programming for Agricultural Classrooms 
• Future programming for agricultural education classrooms should better identify 
the teachers and students’ needs prior to the beginning of the program, and use 
those as baseline for program planning. 
• Future programming should provide more detailed guidance to teachers on how 
to implement the project, and also explicitly describe opportunities to 
incorporate the activities into existing classroom plans. 
• Future programming should connect more closely the on-farm research 
activities with the classroom instruction, stressing on hands-on and research 
tasks, for which students and teachers showed high interest. 
